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The largest  urkapped f o s s i l  fun1 resource i n  the United States is the o i l  
bearing shales in  the western par t  of the c o ~ ~ t r f  and the black, gas bearing 
shales i n  the east .  The o i l  shale resource concentrated i n  three western 
States i s  estimated t o  be equivalent t o  more than two t r i l l i o n  barrels  of 
crude o i l .  

commercial alumina and supplies of other commercial sal ine minerals which may 
be produced with shale o i l .  
supplies, par t icular ly  l iquid fuels ,  it appears that  development of shale o i l  
and other synthetic fuels  w i l l  become a necessary rea l i ty .  

Since the e a r l i e s t  commercial in te res t  more than 100 years ago, the his tory 
of o i l  shale has been one of ups-and-downs. 
shale industry has appeared t o  be on the verge of expanding rapidly,  eco- 
nomics have appeared potent ia l ly  viable, and the problems have seemed minimal. 
But  then, a combination of factors ,  such as jumps i n  construction costs ,  the 
requirement for  new environmental data, or  the discovery of new conventional 
o i l  resources, have led t o  delays and i n  some cases, t o  pullouts by companies. 

The Department of Energy (DOE) has established a research, development, and 
demonstration (R,D&D) program f o r  encouraging the development of the country's 
o i l  shale resource a t  a commercial scale  t o  help i n  the mitigation of the 
present and future energy demands. 
stimulate the commercial production of shale o i l  by eliminating technical and 
environmental barr iers .  This paper provides an overview of the DOE O i l  Shale 
R , D E D  Program, addressing i ts  essential elements. 

Associated with the western o i l  shales of Colorado are  huge 
1 mounts of sal ine minerals capable of providing a major domestic source of 

Due t o  the c r i t i c a l  shortage of new energy 

In almost cyclical fashion, the 

The aim of the O i l  Shale Program is t o  

Program Goal and Objectives 

The Department of Energy's primary o i l  shale goal, as indicated below, is  t o  
foster  the development of a comercial  o i l  shale industry. In concert with 
t h i s  goal, the objectives of the DOE O i l  Shale Program are  t o  a s s i s t  i n  the 
development of t h i s  industry through R,DED, financial incentives, and the  
mitigation of ins t i tu t iona l  bar r ie r< ,  but not t o  mandate the choice of tech- 
nology or  markets t o  be served. 

Program Goal 

o To fos te r  the development or R commercial o i l  shale industry. 

Program Objectives 

o To provide financial incentives t o  the pr ivate  sector  t o  
encourage the construction of pioneer demonstration plants .  
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o To mitigate institutional barriers to commercial oil shale 
development. 

To provide, through an integrated technologybase program, 
technical, economic, and environmental infomation to the pri- 
vate sector which will enhance its capability to build a shale 
oil industry. 

To optimize oil shale processes or develop new oil shale 
concepts to ensure the most efficient and cost effective 
utilization of the nation's oil shale resource. 

To obtain environmental data and develop environmental pro- 
tection systems to ensure that the oil shale resource is 
developed in the most environmentally acceptable manner. 

The analysis of commercialization incentives and mitigation of institutional 
barriers is the responsibility of the Assistant Secretary for Resource 
Applications. 
Secretary for Fossil Energy, although the lead for environmental planning 
rests with the Assistant Secretary for Environment. 

o 

o 

o 

R,D&D activities are the responsibility of the Assistant 

PROGRAM STRATEGY 

In essence, the DOE program goal is to develop the technology necessary for 
the production of oil shale on a commercial basis and in an environmentally 
acceptable manner. The DOE strategy to accomplish this end is comprised of 
two major activity elements: 

o Research and Development 

o Commercial Development and Demonstration Support 

Through the existence of these parallel activities, the W E  Oil Shale R,D&D 
Program focuses near term research and development (RED) on supporting indus- 
rial development while maintaining an adequate level of more advanced R&D 
attuned to future needs. The technology developments that will result by 
achieving the program's objectives will be made available to the oil shale 
industrial comity. Their participation in DOE sponsored demonstrations is 
encouraged as means of maintaining the technological alignment of the R,D&D 
Program with the needs of industry. 
direct financial incentives involve the DOE Program in the industrial deci- 
sion process and facilitate oil shale industry growth. 
experience gained through the construction and operation of any facilities 
resulting from these industry supportive activities will be used in assisting 
to define future RED requirements which may be satisfied directly by the 
private sector through the program. 

The Program's RED activity elements are structured to parallel and complement 
activities that industrial developers would need to perform when establishing 
a commercial oil shale operation. 

These demonstration activities and 

Information and 

The initial activities of a developer 

2 



include tasks to characterize the resource under consideration and site 
plming for resource development. 
consider the potential physical environment and socioeconomic impacts before 
committing to a proposed project. 
tion entail site preparation, mining (except for true in situ technologies), 
and mbbling the in situ retort in preparation for in place combustion or 
transporting the mined oil shale to a surface retort. 
be undertaken, after which the shale o i l  would be upgraded and refined. 
each point in this sequence, the Oil Shale Program will develop enhanced 
technology to establish a potential developer's effectiveness. 

Following this, the developer needs to 

Oil shale resource development and extrac- 

Retorting would then 
At 

KFI TECHNICAL AND ENVIRONMENTAL NEEDS IN R,D&D 

Technical 

The Oil Shale R,D&D Program is directed toward developing a greater under- 
standing of the oil shale resource and perfecting effective means for the 
recovery of shale oil and associated mineral products. Program activities 
are directed toward the solution of key technical and environmental needs 
representing significant barriers to commercial oil shale development. 
on a review of technology required for oil shale development, the following 
Key Technical Needs have been identified as those that should receive the 
highest priority in the R,D&D Program: 

Based 
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Efficient Oil Shale Rock Breakage and Retort Bed Preparation 
Techniques, 

Surface Retort Scaleup and Development, 

Development of Retort Diagnostics and Instrumentation, 

Development of Retort Control Procedures, 

Systems Engineering Methods for Total Oil Shale Process Development, 

Efficient and Effective Oil Shale Mining Systems, 

Advanced Shaft Sinking Technology, 

Shale Oil Upgrading Technology, 

Chemical Kinetics of the Total Pyrolysis Process, 

Understanding Retorting Mechanisms and Developing a Prediction 
Capability, and 

Development of Alternative Retorting Procedures. 

Rock Breaka e and Retort Bed Preparation. 
3--+ 5 ale epends critically ' .  upon having a bed of oil shale rubble that is 
relatively uniform, both in particle size and void fraction. 
rubbling methods must be developed to assure optimal uniformity. 
sweep efficiency will be poor, and significant amounts of oil shale rubble 
will not be retorted. 

Efficient recovery of oil from 

Mining and 
Otherwise 
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I t  is expected that  the R,DED e f f o r t  w i l l  r esu l t  i n  the development of 
technology f o r  breaking o i l  shale for  mining and preparing rubble beds such 
t h a t  e f f ic ien t  and productive shale extraction and modified i n  s i t u  re tor t ing 
can be accomplished. Retorts w i l l  be designed and constructed which meet the 
processing requirements f o r  p a r t i c l e  size dis t r ibut ion,  uniform permeability, 
uniform void dis t r ibut ion,  and bounding of the fractured region. 

Surface Retort Scaleup and Development. Currently, the most prac t ica l  method 
of recovering shale o i l  is t o  mine the shale ,  crush it ,  and then r e t o r t  it on 
the  surface. Even with the employment of modified i n  s i t u  technologies, some 
combination of i n  s i t u  processing with surface re tor t ing  of the mined fract ion 
is expected t o  be u t i l i zed .  
f o r  extraction of shale o i l .  
only a t  p i l o t  scale. 
advance surface retor t ing t o  a commercial scale. 
toward t h e  cooperative development of a f u l l  scale ,  surface module demon- 
s t ra t ion  plant. 
ment of an o i l  shale industry by demonstrating the engineering, economic, and 
environmental f e a s i b i l i t y  of a surface re tor t ing  process a t  a un i t  scale  
considered necessary t o  provide commercial feas ib i l i ty .  

Surface retor t ing is the most proven technology 
However, the technology has been demonstrated 

Therefore, an increasing govemment e f for t  is needed t o  
The DOE now is working 

The objective of t h i s  program is  t o  stimulate the develop- 

Retort Diagnosis and Instrumentation. The development of control instwnen- 
ta t ion  and methods for  i n  s i t u  re tor t ing is important for  determining r e t o r t  
performance and y ie ld  efficiency. The e f f o r t  of the RDED program w i l l  r esu l t  
i n  the design of thermal sensors, gas sampling devices, pressure probes, 
remote sensing devices, s t r a i n  and displacement gauges, and health and safety 
monitoring equipment. 
modified through use i n  several f i e l d  tes t s .  

This equipment w i l l  be designed and then tes ted and 

Retort Control Procedures. 
procedures is crucial t o  the success of both i n  s i t u  and modified i n  s i t u  
re tor t ing of o i l  shale. 
operating plans from data  collected from laboratory experiments, f i e l d  tests 
and the outputs of predict ive models. 
w i l l  be made on the e f fec ts  of intermittent a i r  flows, l iquid water additions, 
and other control parameters. 
operating plan that  maximizes re tor t ing r a t e  and yield while controlling 
temperature and burn f ront  symmetry. 

F e r n s  E n g i n e e r a .  A systematic procedure f o r  resource ident i f icat ion and 
c aracterization and €or determination of appropriate recovery processes is 
needed to assure e f f ic ien t  and effect ive use of a l l  domestic o i l  shale 
resources. The need re la ted  objectives of the R,D&D program are :  (1) t o  
develop and u t i l i z e  methods for  the planning of o i l  shale development by 
matching o i l  shale resources with appropriate recovery processes; (2) t o  
develop planning tools  (e.g., equipment select ion c r i t e r i a ,  production 
models, economic models) which w i l l  a id  i n  the design and analysis of e f f i -  
c ien t  shale o i l  production f a c i l i t i e s ;  and (3) t o  determine the  overall 
economics for  the recovery of energy products from o i l  shale by the a l t e r -  
nat ive processes. 

The devclopment of r e t o r t  control and operating 

The R,DGD e f for t  w i l l  es tabl ish a s e t  of baseline 

From the data collected, an evaluation 

The resul t  of t h i s  e f for t  w i l l  be a r e t o r t  

4 



O i l  Shale Mining S stems. Equipment and methods now used for  coal and hard 
rock mining a r e  we:l developed but a re  not always applicable t o  the demands 
of o i l  shale mining. Research and development is needed t o  meet the par t i -  
cular  requirements of the o i l  shale industry. The objective of the R,D&D 
program is t o  develop technology and equipment f o r  high volume, cost  effec- 
t i v e ,  underground and surface mining methods f o r  extracting o i l  shale f o r  
subsequent surface and modified in  s i t u  processing. 

Shaft Sinking Technology. 
crucial  for  the large scale  commercial u t i l i za t ion  of o i l  shale. 
e f f o r t  w i l l  carefully examine the current s t a t e  of the a r t  in  shaft/slope 
development. A comprehensive research and development plan w i l l  be estab- 
lished that  attacks a l l  the  major deficiencies i n  the current s t a t e  of the 
art f o r  accessing o i l  shale resources. Access development system concepts 
w i l l  be defined a f t e r  a se r ies  of tasks which examine cutting and d r i l l i n g  
methods, water/ground control, and large scale  d r i l l i n g .  The expected resu l t  
of t h i s  e f for t  w i l l  be the development of techniques for  e f f ic ien t ,  s a f e ,  and 
environmentally acceptable shaf t  sinking. 

Shale O i l  Upgrading Technology. 
amounts of cer ta in  elements and compounds tha t  a re  not charac te r i s t ic  of 
conventional crude o i l s .  
exhibit properties that  cause problems in  storage, transportation and re- 
f ining.  
which can be processed i n  conventional ways, but it is necessary t o  determine 
which process schemes a re  most effect ive and economical. The R,D&D program 
w i l l  examine the production parameters of beneficiation, s tab i l iza t ion  and 
preparation, deni t r i f icat ion,  and al ternat ive end-use options for  l iqu id  fue l  
products and heavy l iquid fractions as they r e l a t e  t o  the various re tor t ing  
processes. 

Chemical Kinetics. 
physical properties of o i l  shale re tor t ing (e.g., shale composition, re -  
tor t ing ra tes ,  par t ic le  sizes? porosity dis t r ibut ion,  e t c . ) .  
t o  accurately simulate re tor t ing,  they should include the de ta i l s  of the 
major chemical reactions i n  the system. 
basic data on chemical kinetics needed t o  model the complex reactions taking 
place i n  re tor t ing.  
c i a l l y  that  of carbonates, which a r e  large consumers of energy; reactions of 
char with steam and carbonate t o  produce valuable CO and hydrogen; degradation 
(loss) reactions of o i l ;  gas phase reactions producing hydrogen and COz; 
gaseous sulfur  evolution; e tc .  
especially on water gas and water gas s h i f t  reactions, o i l  cracking s toichio-  
metry of hydrocarbon combustion, and sulfur  reactions i n  shale. 

Retortin Mechanisms. Retorting technology is only crudely understood i n  lab 
a T i % l h - I m p o r t a n t  operational problems include control of burn 
f ront ,  s ta r tup  and sweep efficiency, effect  of p a r t i c l e  s ize  d is t r ibu t ion ,  
i n l e t  gas composition, especially steam and a i r  mixtures, bed i r regular i t ies ,  
flow ra te ,  permeability changes during retor t ing,  and temperature control. 
Program research w i l l  address key questions i n  the area of re tor t ing mecha- 
nisms. A knowledge of the mechanisms taking place during retor t ing is 

The development of shaf t  sinking systems is 
The R,DED 

Crude shale o i l s  generally contain greater  

These elements and compounds cause shale o i l s  t o  

The technology ex is t s  t o  convert and upgrade shale o i l s  t o  products 

Several models have been developed which simulate the 

For the  models 

The R,D&D program w i l l  develop the 

Among these reactions a re  mineral decomposition, espe- 

More work i s  needed on gas phase reactions, 
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required t o  in te rpre t  resu l t s  of experiments in  p i l o t  and f i e l d  r e t o r t s  t o  
develop predictive models, and f ina l ly  t o  suggest process modifications i n  
order to optimize r e t o r t  performance, expecially o i l  yields ,  and production 
ra tes .  The development of re tor t ing models w i l l  a l so  be pursued as a means 
of understanding and predicting r e t o r t  behavior. 

Alternative Retorting Procedures. 
c i a l l y  viable levels  of development. 
c ient ly  advanced t o  assure that  optimally e f f ic ien t  and cost  effect ive retor t ing 
methods a re  employed. 
processes with the objective of improving extraction efficiency and economics. 
Studies w i l l  include: (1) the  use of oxygen (instead of a i r )  plus steam t o  
obtain high BTU o u t l e t  gas and reduce e x i t  gas handling and cleanup; (2)  the 
subst i tut ion of water m i s t  f o r  steam t o  improve heat balance; (3)  determining 
re tor t ing  conditions to  produce various optinnnn product mixes, e.g., maximum 
naphtha, minimum residuals ,  e tc . ;  and (4) determining retor t ing conditions to  
produce minimum environmental effects  (e.g., lowest sulfur  i n  o u t l e t  gas, 
l e a s t  soluble spent shale ,  e tc . ) ;  (5) use of f lu id  beds t o  increase throughput, 
improve yield and lead t o  more favorable economics. 

O i l  shale re tor t ing is approaching comer- 
However, the technology is not suf f i -  

The R,DED program w i l l  examine al ternat ive retor t ing 

Environmental 
--_I_ 

The environmental research i n  the R,DFD Program represents a s ignif icant  
portion of the WE's Environmental Development Plan. 
of the  Program's Environment Activity is t o  develop solutions t o  environmental 
problems associated with the process technologies involved i n  o i l  shale 
production. 
have also been established: 

The overall objective 

To achieve t h i s  objective, a ser ies  of Key Environmental Needs 

Development of Environmentally Acceptable Retort Abandonment 
Strategy , 
Guidelines t o  Ensure Health and Safety of Workers and General 
Public, 

Development of Solid Waste Management Systems, 

Development of Water Treatment Systems, 

Development of an Emission Control Strategy, 

Mitigation of Ecological Impacts, 

Mitigation of  Social and Economic Impacts, 

Development of Compliance Plans, and 

Development of  Subsidence Control Procedures. 
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Development of Environmentally Acceptable Retort Abandonment Strategy. 
spent shale remaining in  underground r e t o r t s  a f t e r  product recovery contains 
salts and carbonaceous residues that  can be leached by groundwater and 
thereby contaminate aquifers. 
the  overburden may occur resul t ing i n  subsidence a t  the surface. 

The research related to  t h i s  need w i l l  determine (1) the potent ia l  f o r  
groundwater intrusion, what materials a r e  l ikely t o  be dissolved i n  ground- 
water, the permeability of the geologic media t o  the soluble components, the 
toxic  properties of these components, and the persistence of any toxic 
components ; and (2) the effectiveness of a l ternat ive measures for  control of 
leaching and subsidence. 
ground mines, the safety and ecological aspects, a r e  d e a l t w i t h  i n  a separate 
area. 

The 

In addition, some caving i n  from the weight of 

The more general problem of subsidence i n  under- 

Guidelines t o  Ensure Health and Safety of Workers and General Public. 
Operations of an o i l  shale industry w i l l  introduce a new s e t  of industr ia l  
working conditions and possible public health r i sks  as a resu l t  of plant  
operations o r  product dis t r ibut ion.  
w i l l  examine the potential health and safety r i sks  t o  workers and the general 
public. A l l  aspects of the  fuel  cycle w i l l  be examined from the mine and 
r e t o r t  t o  the refinery and end use of the shale o i l  products. Protective 
measures, whether they be through controls, process modification, or iso- 
la t ion  of high r i s k  areas, w i l l  be evaluated and effect ive measures w i l l  be 
applied . 
Development of Solid Waste Management Systems. 
extremely high volumes of so l id  waste i n  the form of spent shale. 
research w i l l  evaluate methods of compacting and s tab i l iz ing  spent shale  and 
other  sol id  wastes such as  sludges and spent catalysts .  The research w i l l  
lead to  the evaluation of a l ternat ives  f o r  s tab i l iz ing  and achieving self- 
sustaining ecosystems on the sol id  waste p i l e s  with minimum potent ia l  for  
water and wind erosion of toxic  materials. 

The research directed toward t h i s  need 

Surface processes produce 
This 

Development of Water Treatment Systems. 
mately one barrel  of r e t o r t  water contaminated with carbonaceous residues f o r  
each barrel of shale o i l  recovered. 
water but in  lower quant i t ies .  
discharge of wastewater, it must be cleaned f o r  reuse i n  the process and 
other  uses, such as dust control and s o l i d  waste management. An objective of 
t h i s  research is t o  identify components i n  the wastewater tha t  present e i ther  
a health or  environmental hazard with respect t o  the intended use of the 
water and t o  develop systems t o  remove these components. 
is to determine the consumptive water requirements of different  o i l  shale 
processes. 

In s i t u  processes produce approxi- 

Surface processes a l so  produce r e t o r t  
Although current plans do not c a l l  for 

Another objective 
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Development of an Emissions Control Strategy. 
t o  the emissions control need. One is directed toward determination of the 
emission control requirements based on t h e  projected emission ra tes  and 
composition of the emission streams. 
pollutants, systems m u s t  be engineered t o  maintain ambient a i r  qual i ty  within 
the region. 
of new systems may b e  required if risk analysis indicates that  unique substances 
in  the emission stream require removal. 

There a r e  two major components 

In the case of c r i t e r i a  OT regulated 

In addition, modification of avai lable  technology and development 

. 
The other component is directed toward estimation of the capacity of the 
region t o  accept indus t r ia l  development--the regional carrying capacity-- 
based on the meteorological character is t ics  of the region. More specif ic  
needs are  (1) more accurate atmospheric models t o  predict the transport and 
dispersion of atmospheric pollutants, (2) determining rates a t  which pollu- 
tants  are  removed from the  atmosphere, and (3) quant i ta t ive information on 
the effects  of a i r  pol lutants  on c r i t i c a l  atmospheric processes re la ted t o  
undesirable e f fec ts ,  e .g . ,  precipi ta t ion qual i ty ,  decreased v i s i b i l i t y ,  and 
local climate modification. 

The research tasks tha t  compose this segment of the plan w i l l  lead to  the 
development of workable emission controls and estimates of effects  of indus- 
t r i a l i z a t i o n  on regional air qual i ty .  

Mitigation of Ecological Impacts. O i l  shale  operations w i l l  cause much 
disruption of the surface environment through normal construction and opera- 
t i o n  ac t iv i t ies - - la rge  amounts of  solid waste stockpiles on the surface, 
water treatment operations, steam generation, mining, material handling, etc. 
The objectives of the  ecological research, i n  addition t o  tha t  which is an 
integral  par t  of other  a c t i v i t i e s  such as the s o l i d  waste management system, 
w i l l  be t o  (1) evaluate overal l  effects  of the operation on the ecological 
communities (plants ,  wi ld l i fe ,  f i sh)  and (2) develop ecological t e s t  procedures 
t h a t  w i l l  be used by other par ts  of the program t o  evaluate systems performance 
with respect t o  ecological c r i t e r i a .  
mental impact approach described above. 

This work w i l l  be geared t o  the environ- 

Mitigation of Social and Community Economic Impacts. 
economic aspects of technological developments a r e  among the most d i f f icu l t  
t o  deal with. 
involve ins t i tu t iona l  arrangements and leg is la t ive  i n i t i a t i v e s  beyond the 
scope of most RED operations. 
experiments that  can be carr ied out i n  the  f i e l d  or  laboratory. Instal la t ion 
of mitigating measures such as  front-end financial support t o  c o m i t i e s  for  
planning and development w i l l  be dea l t  with i n  DOE’S industr ia l izat ion plant. 
This R,D&D plan w i l l  focus on the social and economic issues f o r  which solutions 
a r e  not hmown and which therefore require additional research. 

The soc ia l  and c o m i t y  

To a large extent, t h i s  is due t o  the f a c t  tha t  solutions 

The problems do not lend themselves t o  controlled 
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Methods f o r  Controllin or  Preventin Subsidence. Underground mines are  
always susceptible t o  zubsidence, whfch presents a concern f o r  safety and 
environmental disturbance, including aquifer disruption and changes i n  the 
surface land form. 
act t o  prevent subsidence. 
on general underground mining h e t h e r  re la ted t o  underground processes or  
surface retor t ing processes. 
include analyses of safety,  hydrological disruption, and changes i n  surface 
features. 
controlled subsidence. 

Development of Compliance Plans. 
as the other three a c t i v i t i e s  included i n  the Management P l a n  a re  carr ied out 
i n  conjunction with, or as par t  of ,  major f i e l d  projects. These projects ,  
which involve engineering and construction a c t i v i t i e s ,  m u s t  comply with 
Federal, s t a t e ,  and local  standards, and i n  par t icular ,  with provisions of 
the National Environmental Policy A c t  (NEPA) . 

Some of the re tor t  abandonment control measures w i l l  a l s o  
The RED conducted t o  s a t i s f y  t h i s  need w i l l  focus 

I t  w i l l  be closely t i e d  t o  the mining tasks and 

The research w i l l  focus primarily on prevention o r  planned, 

The R,D&D tasks, f o r  environmental as well 

N E  prepares Environmental Assessments, and Environmental Impact Statements 
when appropriate, for  those major f i e l d  projects. A i r ,  water, and other 
environmental monitoring, as required t o  demonstrate compliance with NEPA and 
applicable permits, is conducted as par t  of t h i s  need; that  data  is  made 
available t o  other tasks for  various analyses and decisions. 

PROCESS SPECIFIC R,D&D 

In addition t o  sat isfying key needs which presently impede o i l  shale commercial- 
izat ion the O i l  Shale R,D&D Program w i l l  simultaneously address the following 
processes. 

Surface Proccssint. ?e DOE is pursuing a surface module demonstration 
program as descri ed in PL 95-238. 
and business proposals f o r  the construction of a surface r e t o r t  module. A 
decision t o  proceed with construction of designed modules on a cost  shared 
basis w i l l  be made in  l a t e  FY1980. 
surface retorting is mainly focused on mining and environmental e f fec ts  with 
long term KED directed t o  improving surface retor t ing processes. 

In S i tu  Processing. 
a c t i v i t i e s  is on developing and expanding i n  s i t u  re tor t ing process technology, 
with par t icular  emphasis on modified in  s i t u  methods. This programmatic 
direct ion is based on t h e  f a c t  that  in  s i t u  o i l  shale technology has not 
advanced t o  the point where it has been proven t o  be technically or economically 
feasible .  Engineering analyses indicate that  in  s i t u  processes have the 
potent ia l  t o  be more cost effective and less disruptive t o  the environment 
than surface retor t ing.  Therefore, the program is focused on developing the 
necessary technical and environmental information from which an economic and 
environmentally acceptable i n  s i t u  technology can be engineered. 

In addition t o  t h i s  technology base program, the DOE is  a l so  sponsoring 
several major in  s i t u  o i l  shale f i e l d  demonstration tests. 
t ion  test program and the technology based RED programs a r e  integral ly  related, 
i n  tha t  f i e l d  demonstration s i t e s  a r e  often used a s  s i t e s  f o r  R,DED program 
ef for t s  and information gained from the f i e l d  t e s t s  is used t o  guide the 

This program w i l l  r esu l t  i n  both design 

Other research and development supporting 

The current near term emphasis of the Program's research 

The f i e l d  demonstra- 

9 



overall R,D&D program. 
mine t h e  program technology requirements that  can be met by ongoing industry 
contracts and the  other technology requirements that  can be achieved through 
modification of the ongoing ef for t .  
technology base information, it is anticipated that  one or  more of these 
projects could provide technical evidence of process feas ib i l i ty .  Use of 
existing projects to accomplish planned tasks w i l l  be maximized t o  reduce 
t o t a l  program costs. 

Novel Processing Techniques. 
aboveground and in  s i t u  methods, research is being conducted into new and 
novel technologies f o r  extraction and processing of o i l  shale  products. 
Although not currently competitive f o r  near term commercial development, 
these e f for t s  a r e  indicators of likely second generation advances i n  o i l  
shale technology. 

The novel technologies being developed are  i n  two general categories. 

Each of these projects  has been evaluated t o  deter- 

In addition t o  providing valuable 

In addition t o  the developmentally more advanced 

o Radio Frequency Heating 

o Hydrogen Retorting 

PROGRAM OPERATING PLANS 

The O i l  Shale R,D&D Program is defined i n  two program plans presently i n  
d r a f t  status: a Management and Strategic  Plan which describes the R,D&D 
program management s t ruc ture  and the long term s t ra teg ic  aspects of the 
Department of Energy's program for  achieving i ts  technology objectives, and 
an Implenentation Plan which de ta i l s  o i l  shale R,D&D a c t i v i t i e s  over the next 
several years to  the subact ivi ty  task level .  
Plan, t h e  Management and Strategic  Plan describes the Program's objectives as 
t h e y  w i l l  be a t ta ined by satisfying a ser ies  of technological needs, each of 
which may require t h e  successful performance of one o r  more sets of tasks 
sometime i n  the future. 
multiyear period i n  terms of needs, with emphasis placed upon solving key 
technical and environmental needs inhibiting o i l  shale  commercialization and 
developing an a c t i v i t y  baseline f o r  each of several candidate technologies t o  
es tabl ish program direct ion,  resource requirements, and expected accomplishment. 
Both plans serve as a basis  for  developing and just i fying future  budget 
requests over t h e i r  respective periods. 

S t ra re  ic Plan. 
A l e  R,D&D Program, as directed toward sat isfying its goal and 
objectives, are  described in  the Management and Strategic  Plan. 
i s  i n  three par t s ,  addressing planned program ef for t s  concerned with: 

In contrast t o  the Implementation 

Described are  o i l  shale  R,D&D ac t iv i t ies  f o r  a 

The policy, management, organization, and long term aspects 

The discussion 

o Key Technical Need R,D&D 

o Key Environmental Need R,D&D 

0 process Specific R,D&D 
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These e f for t s  are  defined a t  the fundamental needs level ,  each R,DED objective 
(a key need being one such objective) requiring the fulfillment of one or 
more of these fundamental needs before it is obtained. This is i n  contrast  
t o  the manner i n  which the Implementation Plan is defined, wherein needs a r e  
specified i n  terms of the detailed tasks required t o  sa t i s fy  them. Strategic  
plans a re  outlined i n  a plane higher than t h a t  used i n  the Implementation 
P l a n .  Another dis t inct ion between the two is i n  t h e i r  planning time horizon. 
Strategic  plans a re  defined over a long term period, generally about ten 
years, whereas the Implementation Plan concentrates on the near t e r n  period 
not exceeding f ive  years. 
span addressed in  the Implementation Plan is also defined with the s t ra teg ic  
plans and need ident i f ie rs  uniquely assigned i n  the Implementation Plan a r e  
referenced i n  the s t ra teg ic  plans. 

Implementation Plan. 
i n  terms of the a c t i v i t i e s  and tasks to  be performed. 
Plan a re  the research tasks tha t  w i l l  be performed during the next f ive  year 
period t o  enhance and encourage commercial o i l  shale development. The R,DED 
tasks a r e  described with respect t o  major ac t iv i ty  areas (resource character- 
ization, environment, development and extraction, and processing and instrumen- 
ta t ion) .  
framework for  organizing tasks around specified technology areas. For each 
program task the performance periods a re  specified i n  conjunction with task 
deliverables and par t ic ipat ing organizations. 
working document which is annually updated, thus serves as  a basis f o r  
implementing the R,DED Program by the various research and industry p a r t i c i -  
pants. 

To show continuity between the two plans, the time 

Short tern plans a re  defined i n  the Implementation Plan 
Outlined within the 

Component subact ivi t ies  within each of these a c t i v i t i e s  provides a 

The Plan, conceived as  a 
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The Commercial Sca le  Ref in ing  of Paraho Crude Shale  O i l  
I n t o  Mi l i t a ry  S p e c i f i c a t i o n  Fuels  

N .  J .  Wasilk E.  T.  Robinson 

The Standard O i l  Company (Ohio) 
P.O. Box 696 
Toledo, Ohio 43694 

The Standard  O i l  Company (Ohio) 
4440 Warrensvi l le  Center  Road 
Warrensvi l le  Heights ,  Ohio 44146 

In t roduc t ion  

Navy t o  r e f i n e  up  t o  100,000 b a r r e l s  of c rude  Paraho s h a l e  o i l  i n t o  m i l i t a r y  t r a n s -  
p o r t a t i o n  f u e l s .  
could  be conver ted  i n t o  s t a b l e ,  s p e c i f i c a t i o n  m i l i t a r y  f u e l s  u t i l i z i n g  convent iona l  
r e f i n i n g  technology and i n  s u f f i c i e n t  volumes t o  suppor t  an  ex tens ive  engine t e s t i n g  
program, Yie lds  of JP-5 and DFM were t o  be maximized whi le  minimizing t h e  y i e l d  of 
r e s i d u a l  f u e l .  

pe r iod  from 1976 t o  1978. Paraho ' s  Anvil  Po in t ,  Colorado works u t i l i z e s  a v e r t i c a l  
d i r e c t  h e a t  r e t o r t  t o  r e c o v e r  t h e  o i l  from crushed shaleC1]. 

Phase I ,  t h e  proposed s h a l e  o i l  p rocess ing  scheme was t e s t e d  and developed i n  appro- 
p r i a t e  p i l o t  p l a n t s .  Phase  I1 c o n s t i t u t e d  engineer ing  p r e p a r a t i o n  and t h e  a c t u a l  
r e f i n e r y  r u n .  

Paraho Shale  O i l  

and process ing .  Table I summarizes some t y p i c a l  i n s p e c t i o n s  of  raw s h a l e  o i l  and a 
West Texas crude .  In  comparisor, t o  convent iona l  petroleum, s h a l e  o i l  has  s e v e r a l  
d e l e t e r i o u s  c h a r a c t e r i s t i c s  : 

I n  September,  1977 The Standard  O i l  Company (Ohio) was con t r ac t ed  by t h e  U.S. 

The o b j e c t i v e  of the  program was t o  demonstrate t h a t  s h a l e  o i l  

The c rude  s h a l e  was produced by Paraho Development Corp. ove r  t h e  t h r e e  year  

For c o n t r a c t u a l  r e a s o n s  t h e  program was d iv ided  i n t o  t h r e e  phases .  During 

P o s t  run  a n a l y s i s  and r e p o r t  w r i t i n g  were completed i n  Phase 111. 

The unique n a t u r e  of c rude  s h a l e  o i l  r e q u i r e s  s p e c i a l  c o n s i d e r a t i o n  i n  handl ing  

c11 
[ Z ]  Low hydrogen/carbon r a t i o .  
C31 Low y i e l d  of 650° minus txa t e r i a l  (<30 vel.%). 
141  Moderate a r s e n i c  and i r o n  c o n t e n t .  
C5l Suspended a s h  and water. 
The h igh  n i t rogen  c o n t e n t  is probably t h e  l a r g e s t  a r e a  of concern ,  as i t  i s  an 

High n i t r o g e n  and oxygen con ten t .  

order of magnitude h i g h e r  than  t h a t  found i n  petroleum. 
ing  high n i t r o g e n  c rudes  i s  riot nea r ly  as advanced a s  comparable t echno log ie s  f o r  
d e s u l f u r i z a t i o n  cr c rack ing  ( i n c r e a s i n g  y i e l d  of lower boi1ir.g hydrocarbons) .  

Nitrogen compounds are known poisons  f o r  many petroleum p rocess ing  c a t a l y s t s  
such  as f l u i d  bed c a t a l y t i c  c racking ,  naphtha reformin& and hydrocracking  c a t a l y s t s .  
I n  a d d i t i o n ,  n i t rogen  compoucds have been found t o  c r e a t e  s t a b i l i t y  problems i n  gaso- 
l i n e ,  j e t  and diesel  f u e l s .  Fue l  bound n i t rogen  w i l l  also i n c r e a s e  t h e  N O x  emiss ions  
from p r a c t i c a l l y  any t y p e  of  combustor. F i n a l l y ,  n i t r o g e n  compounds u i t e  o f t en  have 
a p e c u l i a r  and o f f e n s i v e  odor which i s  uncommonly d i f f i c u l t  t o  removey2]. 

Sha le  O i l  Ref in ing  P rocess  

The cruae s h a l e  oil i s  i n i t i a l l y  allowed t c  s e t t l e  ba tchwise  a t  above ambient temp- 
e r a t u r e .  
t he reby  p r e c i p i t a t i n g  suspended water  and  ash t o  t h e  bottom of t h e  t ank .  The s h a l e  
O i l  i s  a l s o  pumped through a 20 micron f i l t e r  en rou te  t o  t h e  h y d r o t r e a t e r  t o  remove 
any ex t r a ined  d e b r i s  l e f t  i n  t h e  tank. 

After s e t t l i n g ,  t h e  s h a l e  o i l  is  mixed wi th  hydrogen, p rehea ted  and passed  
through a guard bed. 
as w e l l  a s  any a s h  and s o l i d s  which surv ived  the  s e t t l i p g  and f i l t e r i n g  procedure .  

The technology f o r  process-  

A schemat ic  of t h e o c e s s  aeveloped f o r  t h i s  program i s  shown i n  F igu re  1. 

This has  been found t o  be  e f f e c t i v e  i n  breaking  t h e  w a t e r / o i l  emulsion, 

The purpose of t h e  guard bed  i s  t o  remove t h e  o rgan ic  Fe and AS 
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Followi.ng t h e  s h a l e  o i l  p re t r ea tmen t  s t e p s  ( s e t t l i n g  and guard  bed demeta l l i za -  
t i o n )  t h e  whole s h a l e  o i l  is c a t a l y t i c a l l y  hydro t r ea t ed  a t  e l e v a t e d  tempera ture  and 
hydrogen p a r t i a l  p re s su re .  Hydrot rea t ing ,  t h e  most impor tan t  process ing  s t e p ,  is 
t h e  c a t a l y t i c  r e a c t i o n  of hydrogen with s u l f u r ,  oxygen and n i t rogen  compounds t o  form 
HZS, H20 and N H 3 ,  r e s p e c t i v e l y ,  p l u s  he te roa tom-free  hydrocarbons.  I n  a d d i t i o n ,  
a romat ic  s a t u r a t i o n  and c rack ing  occur  t o  some e x t e n t  - -  thereby  i n c r e a s i n g  t h e  
hydrogedcarbon r a t i o  and i n c r e a s i n g  t h e  y i e l d  of m i l i t a r y  f u e l  f eeds tock  (65OOF minus 
m a t e r i a l ) .  

The hydro t r ea t ed  s h a l e  o i l  is f r a c t i o n a t e d  by d i s t i l l a t i o n  methods i n t o  g a s o l i n e ,  
j e t ,  d i e s e l ,  and 650°Fbottoms ( r e s i d u a ) .  The j e t  and d i e s e l  f u e l  b o i l i n g  ranges were 
determined exper imenta l ly  t o  meet f l a s h  and f r e e z e  or pour r equ i r enen t s  whi le  maximiz- 
ing  y i e l d s .  
l i g h t e r  c u t s  due t o  pour po in t  requi rements .  Some of t h e  r e s i d u a  was r ecyc led  back to 
t h e  h y d r o t r e a t e r  t o  i n c r e a s e  j e t  a n t  d i e s e l  f u e l  y i e l d s .  

s p e c i f i c a t i o n  gum and s t a b i l i t y  requi rements .  

The r e s i d u a  or bottoms m a t e r i a l  could  no t  be u t i l i z e d  i n  t h e  d i e s e l  or 

A f i n a l  f i n i s h i n g  s t e p ,  a c i d  and c l a y  t r e a t i n g ,  was inc luded  t o  meet m i l i t a r y  

Refinery- Modi f i  c a t i.o~> 
P r i o r  t o  t h e  s h a l e  o i l  ope ra t ion ,  f a c i l i t i e s  mod i f i ca t ions  a t  t h e  Toledo r e f i n -  

e r y  were r equ i r ed  t o  be a b l e  t o  r e c e i v e ,  s t o r e  and process  the  s h a l e  o i l  and i t s  
products  wi thout  contaminat ion  from normal r e f i n e r y  s t o c k s .  

c a r .  
a s  a product  loading  system. 
s h a l e  o i l  a s  it was rece ived  ove r  a 3 month pe r iod .  

was modified t o  p rocess  t h e  s h a l e  oil. N e w  c a t a l y s t  ( S h e l l  324) was charged t o  t h e  
f i r s t  s t a g e  r e a c t o r .  
f eed  p rehea t  t r a i n .  A. 20 micron f i l t e r  was i n s t a l l e d  on t h e  i n l e t  l i n e  from the  sha le  
o i l  s to rage  tank .  A new s t r i p p e r  tower was i n s t a l l e d  on t h e  d i s t i l l a t i o n  tower t o  
s t r i p  t h e  DFM produc t .  
t o  allow f o r  a s i n g l e  s t a g e  h y d r o t r e a t e r  ope ra t ion .  

and b u i l t ,  t he  major v e s s e l s  of  which were r e f i n e r y  s u r p l u s  equipment. 
inc luded  a s e t t l e r ,  c l a y  c o n t a c t o r  and s ludge  s t o r a g e  tank .  

s e r v i c e  and c leaned  p r i o r  t o  process ing .  

normal r e f i n e r y  s t o c k s  were e i t h e r  blanked or had t h e  i s o l a t i n g  v a l v e s  cha ined  and 
locked. 

Refinery .Logis t ics .  and- Process.  .:b_w 

and an a t tempt  was made t o  drawoff any free water .  No f r e e  water  was found. The 
s h a l e  o i l  r ece ived  a t  Toledo measured only-0.06 vol.% sediment and water,(BS&W)whereas 
e a r l i e r  p i l o t  p l a n t  samples conta ined-0 .8  vol .% B.S. and W .  The s h a l e  o i l  was 
pumped cont inuous ly  from t h e  tank through t h e  20 micron f eed  f i l t e r  i n t o  t h e  hydro- 
t r e a t e r  s u r g e  drum. From he re  it was pumped through t h e  f e e d  p rehea t  s e c t i o n  and 
guard bed t o g e t h e r  wi th  hydrogen g a s  and i n t o  t h e  r e a c t o r .  
cooled ,  water washed and r ecyc le  hydrogen and l i g h t  ends  removed, p r i o r  t o  en te r ing  
a multidraw d i s t i l l a t i o n  column. 
an overhead gaso l ine  s t o c k ,  a j e t  f u e l  c u t  (JP-5 or JP-8),  a marine d i e s e l  f r a c t i o n  
(DFM) and a bottoms r e s i d u a l  f u e l  f r a c t i o n .  
recovered i n  bu lk ,  i n s t ead  i t  was used as  feed  t o  ano the r  hydrocracker .  The JP-8 was 
a c i d  t r e a t e d  on rundown t o  a r a i l c a r ,  while JP-5 and DFM were run down t o  s t o r a g e  f o r  
l a t e r  a c i d  t r e a t i n g .  
s t o r a g e  t ank .  P a r t  o f  t h e  bottoms r e s i d u a  were r ecyc led  through t h e  h y d r o t r e a t e r  t o  
inc rease  convers ion ,  while t h e  remainder was used a s  c a t  c r acke r  f e e d  wi th  a small 

Raw s h a l e  o i l  was shipped from t h e  Paraho f a c i l i t i e s  t o  Toledo by r a i l r o a d  t ank  
An u n d e r u t i l i z e d  r a i l c a r  r ack  was revamped t o  provide  a new unloading as w e l l  

A new steam hea ted  t ank  was b u i l t  i n  which t o  s t o r e  t h e  

A hydrocracker  which normally p rocesses  d i s t i l l a t e  f u e l s  i r t o  g a s o l i n e  products  

A guard  bed packed w i t h  alumina ex t ruda te  was p l aced  i n  t h e  

Numerous in s t rumen ta t ion  and p ip ing  mod i f i ca t ions  were made 

For a c i d  t r e a t i n g  cf t h e  DFM and J P  products  a "new" a c i d  t r e a t e r  w a s  designed 
These v e s s e l s  

To provide  product  s t o r a g e  f o r  JP-5 and DFM, two t anks  were removed from r e f i n e r y  

A l l  l i n e s  used f o r  s h a l e  o i l  m a t e r i a l  w h i c h  i n t e rconnec ted  w i t h  l i n e s  con ta in ing  

When a l l  t h e  s h a l e  o i l  had been r ece ived ,  t h e  s t o r a g e  tank was hea ted  t o  185OF,  

Reac tor  e f f l u e n t  was 

tiere f o u r  products  were recovered  from t h e  e f f l u e n t :  

The g a s o l i n e  s tock  was sampled, but no t  

Any o f f  spec  JP-5, JP-8 or DFM were r e t u r n e d  t o  t h e  sha le  o i l  
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amount rundown d i r e c t l y  t o  railcars f o r  recovery  as heavy f u e l  o i l .  

Refinery Run 

In t h a t  t ime 73,100 b a r r e l s  of t h e  88,225 barrels of s h a l e  o i l  r ece ived  were hydro t rea ted .  
However some of t h e  p roduc t s  from t h i s  volume were r e t u r n e d  t o  t h e  s h a l e  o i l  s to rage  
tank  a s  off s p e c i f i c a t i o n  product .  
Guard Bed caused t h e  run  t o  be  t e rmina ted  be fo re  a l l  t h e  s h a l e  o i l  was processed .  
The hydrocracker w a s  first shutdown on day 25 of t h e  run because o f  a h igh  guard bed 
p res su re  drop. The t o p  25% of  t h e  Guard Bed packing was removed because a black 
v i scous  s ludge  w a s  p r e s e n t  on t h e  top  of t h e  bed. 
G u a r d  Red soon redeveloped  a h igh  p r e s s u r e  d rop  and t h e  run  was t e rmina ted  due t o  
c o n t r a c t u a l  t ime  l i m i t a t i o n s .  

Or ig ina l  p l ans  c a l l e d  f o r  t h e  J P  p roduc t s  t o  be a c i d  t r e a t e d  on rundown t o  
tankage  or r a i l c a r .  Th i s  p l an  was modified after a c i d  t r e a t e r  s t a r t - u p  problems 
r e s u l t e d  i n  poor d e n i t r i f i c a t i o n .  The JP-5 was rundown t o  tankage wi thout  a c i d  
t r e a t i n g ,  as was t h e  DFM, and both were t r e a t e d  a f t e r  t h e  hydro t r ea t ing  run  was 
complete. Fo r tuna te ly ,  t h e  a c i d  t r e a t i n g  prohlems were r e so lved  i n  time t o  t r e a t  
t h e  JP-@ on rundown t o  a r a i l c a r .  

f e e d  a t  a r a t e  o f  3%. with  no d e t e c t a b l e  s h i f t s  i n  y i e l d s  o r  o the r  adverse  conse- 
quences.  
ope ra t ions  a t  1 .5% of  f e e d .  

No problems developed ove r  t h e  i month combusticn pe r iod .  

vea led  two sepa ra t e  problems, t h e  s ludge  a t  t h e  top  of  t h e  bed and FeS, f i n e s  through- 
ou t  t h e  bed. The s ludge  was t h e o r i z e d  t o  have been formed by a r e a c t i o n  between s h a l e  
o i l ,  i r o n ,  and s u l f u r i c  a c i d .  The a c i d  had been unwi t t i ng ly  in t roduced  i n t o  t h e  s h a l e  
o i l  feed  tank  by r e c y c l i n g  of f -spec  JP-5 from t h e  a c i d  t r e a t e r  du r ing  s t a r t u p .  
l a r g e  q u a n t i t y  of f i n e s  c o n t a t r i n g  a h igh  concen t r a t ion  of  FeS, was found throughout 
t h e  bed. 
t e r s t i t i a l  spaces  among t h e  e x t r u d a t e ,  t hus  caus ing  a h igh  p r e s s u r e  drop. 

M a t e r i a l  Balances  

t i o n  f u e l  occu r s  i n  t h e  h y d r o t r e a t i n g  s t e p .  
ba lance  and y i e l d  s t r u c t u r e  from our hydro t r ea t ing  s e c t i o n .  
t h e  a c t u a l  y i e l d s  and n i t r o g e n  l e v e l s  ob ta ined  a t  Toledo wi th  o r i g i n a l  p i l o t  p l an t  
r e s u l t s .  
c o n s i s t e n t  wi th  p r i o r  r e su l t s ,  however t h e  appa ren t  y i e l d  s t r u c t u r e  w a s  d i f f e r e n t .  
The d i f f e rences  i n  y i e l d s  a r e  a t t r i b u t e d  t o  two f a c t o r s :  [l] poorer  d i s t i l l a t i o n  
e f f i c i e n c y  i n  t h e  r e f i n e r y  ope ra t ion  and [ 2 ]  lower DFM pour p o i n t  and. f l a s h  po in t  
t a r g e t s  during t h e  r e f i n e r y  run. 
a t t a i n e d  i n  t h e  r e f i n e r y  run  is very  s i m i l a r  t o  t h e  p i l o t  p l a n t  r e s u l t s .  
t i l l a t ion  cu rve  of whole h y d r o t r e a t e d  p roduc t s  (minus r e c y c l e )  shown i n  
i l l u s t r a t e s  t h i s  obse rva t ion .  

Net hydrogen consumption metered i n  t h e  r e f i n e r y  run was s i g n i f i c a n t l y  l e s s  
t han  p i l o t  p l a n t  r e s u l t s  [-l500 ver sus  ,21050 SCFB]. 
v a r i o u s  hydro t r ea t ed  p roduc t s  i n d i c a t e  t h a t  t h e  l e v e l  of a romat i c  s a t u r a t i o n ,  c rack-  
ing  and heteroatom removal  f o r  both r e f i n e r y  a n d  p i l o t  p l a n t  were n e a r l y  t h e  same. 
The d i f f e rence  i n  measured hydrogen consumption i s  most probably  a r e s u l t  o f  s ca l e -  
up and p i l o t  p l a n t  e r r o r .  
parameter i n  de te rmining  o v e r a l l  s h a l e  o i l  economics. 

The h y d r o t r e a t i n g  r u n  began on November 4 ,  1978 and ended on December 4 ,  1978. 

An e x c e s s i v e l y  h igh  p r e s s u r e  drop  a c r o s s  the  

When r e tu rned  t o  cpe ra t ion ,  t h e  

The r e s i d u a l  h y d r o t r e a t e d  s h a l e  o i l  was mixed with r e g u l a r  r e f i n e r y  c a t  c r acke r  

S i m i l a r l y ,  t h e  g a s o l i n e  range  c u t  had no d e t e c t a b l e  e f f e c t  on hydrocracker  

The s h a l e  o i l  which remained a f t e r  t h e  p rocess ing  run  was burned a s  b o i l e r  f u e l .  

Following conc lus ion  of  t h e  run, an examination of t h e  Guard Bed c o n t e n t s  re -  

A 

Apparent ly  FeSx had been depos i t i ng  throughout t h e  run  and f i l l e d  the  i n -  

-- 
E s s e n t i a l l y  a l l  of t h e  convers ion  of 65OoF plus bottom m a t e r i a l  t o  t r a n s p o r t a -  

Table I1 a l s o  compares 

These d a t a  i n d i c a t e  t h a t  t h e  d e n i t r i f i c a t i o n  a c t i v i t y  of t h e  c a t a l y s t  was 

Table I1 summarizes t h e  o v e r a l l  m a t e r i a l  

The a c t u a l  convers ion  of 65OOF p l u s  bottoms ma te r i a l  
The d i s -  

F igu re  2,  

Chemical ana lyses  of t h e  

Needless t o  s a y ,  hydrogen consumption is a ve ry  impor tan t  

14 



The t o t a l  amount of each  f i n i s h e d  f u e l  produced is shown i n  Table 111. 
In  a c i d  t r e a t i n g  t h e  y i e l d  l o s s e s  were found t o  be p r o p o r t i o n a l  t o  n i t r o g e n  
con ten t  and molecular  weight of  t h e  f u e l .  For  a 3300 ppm n i t rogen  JP-5 s t o c k ,  
y i e l d  loss was 5.4 u t . % .  
Other l o s s e s  incu r red  i n  t h e  system were s t a r t - u p  and l i ne -ou t  s l o p ,  h e e l  l e f t  
i n  f eed  t anks  and t r e a t i n g  v e s s e l s  and losses dur ing  t h e  c lay  column changes.  

Product Analyses 

4 w t . %  and on a 3300 ppm n i t r o g e n  DFM t h e  l o s s  was 

Gasol ine  Stock 
Analyses of  t h e  r e f i n e r y  and p i l o t  p l a n t  g a s o l i n e  s tocks  a r e  shown i n  Table I V .  

Both m a t e r i a l s  are very similar i n  a romat ic  c o n t e n t ,  n i t r o g e n  l e v e l  and  oc tane .  
Ne i the r  i s  usab le  a s  a d i r e c t  g a s o l i n e  b lending  s t o c k  o r  a s  re former  f e e d .  
t i o n a l  hydro t r ea t ing  i s  r e q u i r e d  t o  reduce  t h e  n i t r o g e n  con ten t  t o  l e v e l s  accep tab le  
t o  c a t a l y t i c  re forming ,  which i s  r e q u i r e d  t o  boos t  t h e  oc tane  of t h i s  material. 

Addi- 

J e t  Fue ls  
Product  JP-5,  be fo re  and after a c i d  t r e a t i n g  i s  compared t o  p i l o t  p l a n t  p r e -  

pared m a t e r i a l  i n  Table V .  Again bo th  s t o c k s  have s i m i l a r  n i t rogen ,  hydrogen and 
aromat ic  con ten t .  Note t h a t  t h e  thermal  s t a b i l i t y  of t h e  u n t r e a t e d  f u e l  is poor.  
However, once t h e  n i t r o g e n  compounds a r e  s e l e c t i v e l y  renoved by a c i d  t r e a t i n g ,  t h e  
f u e l s '  s t a b i l i t y  as determined by gum and JFTOT (ASTM D-3241) neasurements is very  
good. 
aging t h e  m a t e r i a l  f o r  1 month a t  14OOF and then  r e p e a t i n g  t h e  JFTOT and gum tests. 
The ag ing  t e s t  r e s u l t s ,  shown i n  Table V I  f o r  a composite sample of a l l  t r e a t e d  JP-5 
produced a t  t h e  r e f i n e r y ,  i n d i c a t e  t h a t  t h i s  f u e l  has  very  good s t o r a g e  s t a b i l i t y  
p r o p e r t i e s .  

In  a d d i t i o n ,  s t o r a g e  s t a b i l i t y  c h a r a c t e r i s t i c s  o f  t h e  f u e l s  were t e s t e d  by 

Diese l  Fue l  Marine 
Phys ica l  i n s p e c t i o n s  of p i l o t  p l a n t  and r e f i n e r y  DFM a r e  compared i n  Table VII. 

A s  p rev ious ly  mentioned, t h e  d i s t i l l a t i o n  (hence n e a r l y  eve ry th ing  e l s e )  a r e  d i f f e r -  
e n t  due t o  r e f i n e r y  f r a c t i o n a t i o n  p r a c t i c e s  and  a l t e r e d  t a r g e t  specs .  
t r e a t i n g  is r e q u i r e d  t o  meet f u e l  s t a b i l i t y  s p e c i f i c a t i o n s ,  i .e .  ASTM 2274 - 
( a c c e l e r a t e d  ox ida t ion  gum t e s t ) .  
shown by t h e  ce t ane  number 0 5 0 )  and hydrogen c o n t e n t s  (213 w t . %  hydrogen);  

Again, a c i d  

These f u e l s  have good combustion p r o p e r t i e s ,  a s  

Res idua l  Fue l  
The r e s i d u a l  f u e l  produced by bo th  t h e  p i l o t  and  r e f i n e r y  meets a l l  government 

s p e c i f i c a t i o n s  for low s u l f u r ,  h igh  pour #6 f u e l  o i l .  
fact very  "clean" as shown i n  T a b l e  V I 1 1  by t h e  h igh  hydrogen and low s u l f u r ,  metals, 
carbon and a spha l t enes  con ten t .  This s tock  i s  b e t t e r  u t i l i z e d  as cat  c r a c k e r  f eed  
than  r e s i d u a l  f u e l ,  s i n c e  h ighe r  va lue  g a s o l i n e  and  ke ros ine  f u e l  can  be e a s i l y  pro-  
duced v i a  c a t a l y t i c  process ing .  

The r e s i d u a l  f u e l s  are i n  

Product Fuels  D i s t r i b u t i o n  
A l l  6165 b b l s  of  t h e  t r e a t e d  JP-5 produced a t  t h e  Toledo r e f i n e r y  was shipped 

t o  Rickenbacher A i r  Force Base i n  Lockbourne, Ohio. 
f o u r  d e s t i n a t i o n s :  3021 b b l s  went t o  Genera l  Motors D e t r o i t  D iese l ,  A l l i s o n  P l a n t  H5 
i n  Ind ianapo l i s ,  Ind . ,  8334 b b l s  were sh ipped  t o  Ph i l ade lph ia  Naval Base i n  Ph i l ade l -  
p h i a ,  Pa. ,  235 b b l s  were s e n t  t o  h 'r ight P a t t e r s o n  A i r  Force Base, Fa i rbo rn ,  Ohio and  
4785 b b l s  went t o  t h e  Defense Fuel  Support  Po in t  i n  C i n c i n n a t i ,  Ohio. Of t h e  4670 
b b l s  of r e s i d u a l  f u e l  r e se rved  f o r  shipment,  4345 b b l s  were s e n t  t o  t h e  U.S. Navy 
a t  Mechanicsburg, Pa., and t h e  remaining 325 b b l s  were sh ipped  t o  t h e  E.P.A. a t  t h e  
Naval Ship Yard i n  Long Beach, C a l i f o r n i a .  
engine  t e s t i n g  and eva lua t ion  by t h e  p a r t i e s  involved .  
produced, numerous samples of  f e e d ,  i n t e rmed ia t e  and product  streams were taken  f o r  
h e a l t h  e f f e c t  s t u d i e s  by t h e  D.O.D. and  D.O.E.  

The t r e a t e d  DFM was sh ippeh  t o  

These f u e l s  a r e  undergoiqg e x t e n s i v e  
I n  a d d i t i o n  t o  t h e  f u e l s  
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Conclus ions  

1) Fuels  meeting m i l i t a r y  s p e c i f i c a t i o n s  and p o s s e s s i n g  good s t o r a g e  s t a b i l i t y  
c h a r a c t e r i s t i c s  can  b e  produced from crude  s h a l e  o i l ,  u t i l i z i n g  c o n v e n t i o n a l  
r e f i n e r y  equipment. 
The p r o c e s s i n g  scheme u t i l i z e d  i n  t h i s  s t u d y  r e q u i r e s :  
( a )  

( b )  

( c )  

2 )  
S e t t l i n g  and a g u a r d  bed  t o  p r o t e c t  t h e  h y d r o t r e a t i n g  
c a t a l y s t .  
Hydrot rea t ing  t o  remove he tera toms,  i n c r e a s e  t h e  hydrogen/carbon 
r a t i o  and improve t h e  65OOF minus l i q u i d  y i e l d  of s h a l e  o i l .  
Acid and c l a y  t r e a t i n g  t o  a e e t  t h e r m a l  and  s t o r a g e  s t a b i l i t y  
requi rements  o f  t h e  je t  and d i e s e l  f u e l .  
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Table I P r o p e r t i e s  of Paraho Shale  O i l  and West Texas Sour C r e  
Paraho Shale  O i l  West Texas Sour 

G r a v i t y ,  OAPI 
S p e c i f i c  Gravi ty  @60° 
Pour P o i n t ,  O F  

V i s c o s i t y ,  SSU 
@ 6OoF 
@ 100°F 
@ 21OOF 

Viscos i ty-Gravi ty  Cons tan t  
RVP, l b s .  
T o t a l  Acid No., mgKOH/g 
Asphal tenes ,  w t . %  
Ramsbottom Carbon, w t . %  
BSQW, Vol. % 
S a l t ,  lb./M Bbls .  
E lementa l  A n a l y s i s  

c ,  w t . %  

0, w t . %  
N, w t . %  
s ,  w t . %  

A s ,  ppm 
Na, ppm 
K, ppm 
V ,  ppm 
N i ,  ppm 
Fe, ppm 

H ,  w t . %  

Metals 

TBP 65OOF P o i n t ,  v o l .  % 

20.4 
0.9315 

t 8 5  

Too heavy 
213 

44.9 
0.8899 

1.988 
0.889 
2.977 
0.05 (0.06 u n s e t t l e d )  
4.9 (8.2 u n s e t t l e d )  

-- 

83.68 
11.17 

1.3E 
2.02 
0.70 

7.5 
C0.3  

0.17 
0.17 
2.4 

5 3  
28.24 

34.1 

F l u i d  @ -30 
0.8545 

57.1 
43.1 
-- 

0.722 
5 . 1  
0.265 
1.028 
2.65 
0.30 
3 .3  

_- 
0.10 
1.40 

-- 
-- 
_- 

4.4 
2.6 
2.0 

58.64 
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Table I1 Shale O i l  Hydro t r ea t ing  Yie lds  

Toledo-Refinery P i l o t  P l g x  
Bbls. VOl.% W t . % _ N  Vol. 8 W t . %  N 

11.00 0.050 Gasol ine  s tock  8743 11.96  0.067 
( inc lud ing  Butaces) 

c JP-5 
JP-8 
DFM 
Res idua l  Fue l  

H2 Cons. SCFB 

Table I11 

25.30 0.250 

18939 25.90 0.340 34.50 0.430 
37220 5 0 . 9 1  0.380 35.20 0.220 
74938 102.50 106.00 

9546; 1 3 . 7 3  0.220 
490 

1 0 5 0  1500 

Net Fue l s  Produced A f t e r  Aci-d!Clay.xTeating ________- 

Gasol ine  S tock  
J P -  5 
JP- 8 
DFM 
Res idua l  Fue l  

gagolLne- Sso_cks Analyses 

Bb l s .  
7,718 
6,615 

462 
16,375 
37,220 

API Gravi ty  
RVP, p s i  
D i s t i l l a t i o n  

I B P ,  OF 
10 
50 
9 0  
EP 
% Rec. 
% Res. 

P a r a f f i n s  
Monocyclo. Par 
Dicyclo Par.  
Alkylbenzenes 
Indans t T e t r a l i n s  
Naphthalenes 
Carbon No. Par .  
Carbon No. Alkybenzenes 
Ni t rogen ,  W t .  % 
Research Octane, c l e a r  

P i l o t  P l a n t  
57.8 
1.3 
D-86 

190 
226 
258 
288 
332 

99 .0  
1.0 

58.87 
29.61 
1.11 
9.97 
0.11 
0 .33  
8 . 0 1  
7 . 8 1  
0 .040 

4 7  

Toledo 
54.7 

5.6 
D-86 

200 
249 
283 
317 
370 

98.0 
1.0 

49.95 
31.62 

2.40 
15.20 

0 . 5 1  
0.32 
9.36 
7.85 
0.078 

Not run  
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Tab le  V JP-5 Analyses  
--I-- 

A - Unt rea t ed  JP-5 

P i l o t  P l a n t  Toledo 

API GFavity 41.8 42.7 

F l a s h ,  OF 157 158  
F reeze ,  O F  -52 -57 
E x i s t e n t  gum (D-381) Mg/100 cc 12 .2  Not run  

D i s t i l l a t i o n  
I B P ,  OF 
1 0  
50 
90 
EP 

Nitrogen,  W t .  % 
P a r a f f i n s ,  Vol. % 
Naphtenes,  V 0 1 . 8  
Aromatics,  Vol. % 
JFTOT Visual 

API Gravity 

Nitrogen,  PPM 

TAN, mg KOH/gm 
WSIM 
E x i s t e n t  gum Mg/lOO c c  

JFTOT @ 500OF 
Visual  
Max Spun Rate 
MaxAP mm Hg 
P a r a f f i n s  V o l . %  
Naphtenes V o l .  % 
Aromatics Vol. % 

D-86 - 
356 
380 
415 
456 
477 

0.32 
43.9 
33.1 
23.0 

4 ( F a i l )  

B - Trea ted  JP-5 

P i l o t  P l a n t  

43.0 

8 

N i l  
86 

0.6 

2 
10 

1.0 
46.0 
33.1 
20.9 

D-86 
370 
384 
400 
436 
480 

- 

0.29 
42.5 
36.0 
21.5 
-- 

Toledo 

43.6 

0.5 

0.005 

1 .4  
95 

1 
0 
0.5 

43.7 
34.5 
21.8 

Table  V I  R e f i n e r y  JP-5 S t a b i l i t y  P r o p e r t i e s  

haged Fue l  
JFTOT Break Po in t ,  OF 625 
Color + 30 
D-381 E x i s t e n t  Gum Mg/100 cc 1.4 

JFTOT @ 500°F, Max Spun Tube 1 . 0  
JFTOT @ 500°F, Max Spot Tube 2.0 
JFTOT @ 500°F, ETDR 1 . 5  

0 . 0  

JFTOT @ 5OO0F, v i sua l  c 2  

JFTOT @ 5 0 0 ° F ,  A P MM Hg 

M i l  Spec 

APIC GR (48  

140 Min. 
-51 Max. 
7.0 Max. 

D-86 
R 
- 
401 Max. 

R 
R 

554 Max. -- 
-- 

25% Max. 
< 3  

M i l  Spec 

36 (API G r c 4 8  

-- 

0.01s Max. 
85 Min. 

c 3  
C 17 
._ 25 

25% wax. 

Aged @ 14OoF for  1 month 
> 500 
+ 30 

c 2  
1.6 

3.0 
2.0 
6.5 
0.0 
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Table V I 1  D iese l  Fue l  Marine Analyses 

A P I  Grav i ty  

Pour,  O F  

Flash, OF 

D i s t i l l a t i o n  
IBP 
1 0  
50 
90 
EP 

% Pes 

Nit rogen ,  W t .  95 

Cetane Index 

A - Untrea ted  DFM 

P i l o t  P l a n t  
33.4 

1 5  
290 

D-86 
507 
529 
553 
595 
628 

- 

1.0 

0.40 

50.1 

B - Trea ted  DFM 

API Gravi ty  

Carbon, W t .  % 
Hydrogen, W t .  % 
Nitrogen, ppm 
P a r a f f i n s  Vol. % 
Naphthenes, Vol. % 
Aromatics, V o l .  % 
TAN, Mg KOH/gm 
Cetane Number 
ASTM 2274 Mg/100 cc 

(acc .  ox id .  t e s t )  

Table V I 1 1  

P i l o t  P l a n t  

34.8 

86.75 
13.02 
90  
42.2 
25.8 
32.0 

5 5 . 3  
0.029 

0.37 

Residual  Fue l  Analyses 
P i l o t  P l a n t  

API Gravi ty  
Pour P t . ,  OF 

R a m s  Bottom Carbon, W t .  % 
Asphaltenes,  W t .  8 
V i s .  @ 21OoF, CST 
D i s t i l l a t i o n  

IBP 
10 
50 
90 
EP 

Carbon W t .  % 
Hydrogen, Wt. % 
Nitrogen, W t .  % 
Oxygen, PPm 
Sulfur, ppm 

30.3 

Not run  
0.244 
6.45 

10 5 

D-2887 
689 
739 
830 
958 

1000 
87.32 
12 .59  

0.33 
1 0 2  

c 20  

Toledo 
36.8 

0 
1 6 2  

D-86 
396 
456 
512 
562 
582 

- 

1.0 

0.33 

52.5 

Toledo 

3 8 . 1  

86.27 
13.28 

3.9 
45.5 
25.5 
29.0 

5 0 . 1  
0.010 

0.51 

Toledo 

29.6 
80 

0.096 
0.059 
2.00 

D-2887 
3 3 1  
582 
732 
900 

1032 
86 .71  
12.75 

0.44 
182 
.: 20 

M i l  Spec 
R 

20 Max 
140 Min 

D-86 - -- 
-- 

R 
675 Max 
725 Max 

3 Max 

45 Min 

M i l  Spec 

R 

-- 
-- 
_- 
-- 
-- 

0.30 Max 
45 Min 

2.5 Max 
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T a b l e  VIII, Continued 

S a t u r a t e s ,  Vol.  % 
Aromatics,  Vol. % 
Iron, ppm 
Arsenic,  ppm 
Vanadium, ppm 
Sodium, ppm 
Potassium, ppm 

P i l o t  P l an t  

57.1 
42.9 
0.93 
0.13 
0.36 
0.79 

L 0.10 

20 

Toledo 

Not run 
Not run  
0.10 
0.4 
0.02 
0.6 
0.6 



FIGURE 1 

Shale  Oil Process ing  Block Flow Diagram 
LIGHT ENDS 

GASOLINE C M  n 
_I c 

SHALE SETTLING OIL " I T  GUARD HYDROTRULTER 1 1 " " "  

550 B BUTTOIS RESIDUAL 

RECYCLE FUEL 

FIGURE 2 
T.B.P. D i s t i l l a t i o n  Corporison of P i l o t  i'lant 

a n d  Ref inery  Whole i ly&ot?ectcd Product 

900- 

I I I I 1 I 1 1 I 
IO 20 30 40 5 0  60 70 80 90 Id0 

CUMULATIVE VOLUME % YIELD 

0 P i l o t  P l an t  Product  
Ref inery  Product  

A Raw Shale O i l  
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RELATION BETWEEN FUEL PROPERTIES AND 
CHEMICAL COMPOSITION.' 11. CHEMICAL CHARACTERIZATION 

OF U . S .  NAVY SHALE-I1 FUELS 

Jeffrey Solash, Robert N. Hazlett, Jack C. Burnett 
Erna Beal and James M. Hall 

Naval Research Laboratory 
Code 6180 

Washington, D.C. 20375 

AS domestic and imported petroleum supplies dwindle and petroleum 
increases dramatically in cost, it is imperative for the Navy to 
consider future liquid fuel options. The Navy has two thrusts in 
transportation fuels: (a) explore the relaxation of fuel specifica- 
tions and (b) examine alternate sources of fuels. This paper deals 
with one of the alternate sources, shale oil. 

The bulk of the Navy's vehicles utilize middle distillate fuels; 
a kerosene type jet fuel, JP-5, for aircraft and diesel fuel marine 
(DFM) for ships and boats. Reasonable yields of these fuels can be 
obtained from shale oil. Further, shale crude oil has a good hydrogen 
content which allows upgrading to finished fuel with modest additions 
of expensive hydrogen. Thus the interest in Navy fuels from shale oil. 

The Navy has completed two crude production/refining exercises 
with shale. The first of these, a 10,000 barrel operation (Shale-I), 
is described in two reports (1,2). The second, a 73,000 barrel opera- 
tion (Shale-II), was completed in 1979 at the Toledo refinery of 
Sohio ( 3 ) .  This paper describes the chemical characterization of the 
JP-5 and DFM from the Shale-I1 project. 

EXPERIMENTAL 

Samples - One gallon samples of the various refinery streams were 
obtained from Sohio throughout the approximately one month of produc- 
tion. Periodic samples of finished JP-5 and DFM were also obtained 
during the acid treatment process which was completed subsequent to 
the hydrocracking and fractionation steps. Drum samples of the 
finished homogeneous JP-5 and DFM products were also examined. 

Total Nitrogen - The fuel samples were pyrolyzed/combusted at 
1000°C in a flow of argon/oxygen and the chemiluminescence for the 
reaction of NO with ozone measured (4). Types of specific nitrogen 
compounds found will be discussed in another paper of this symposium. 

with a 100 meter OV-101-wall coated glass capillary column. 
split ratio was 50:1, the column oven was temperature programed from 
8 0  to 240°C, and the inlet temperature was 31OOC. 

LC Separation - Preparative scale liquid chromatography was 
performed with Waters PrepPak radially compressed silica columns. 
Fuel charges of 6 to 10 ml were carried through the column with 1- 
Pentane at a flow of 200 ml/minute. Refractive index, 254 nm ultra- 
violet. and 313 nm ultraviolet detectors monitored the LC effluent 
and keyed the collection of fractions. 

GC Analyses - The n-alkanes in the fuel samples were determined 
The inlet 
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Mass Spectrometry 
at EiRL on the effluent 
from 7 0  to 21OOC. Fie1 

- Electron impact mass spectrometry was done 
from a 6 ft. OV-101,packed GC column programmed 
.d ionization mass spectrometry (FIMS) was 

performed by SRI International on contract to NRL. In this latter 
analysis, the fuel sample was frozen on a solids inlet probe prior to 
insertion into the mass spectrometer. The spectra accumulated for 
each mass during a temperature program were normally totaled for data 
Presentation ( 5 ) .  Molecules boiling below 140'C are lost or depleted 
with this technique but such compounds comprise a very small fraction 
Of JP-5 or DFM. Since the ionization efficiency for hydrocarbon 
Classes is currently under study, the FIMS data is utilized primarily 
in a qualitative sense. 

NMR Examination - Fuel samples and fractions were analyzed by 
Proton and 13C NMR at the Naval Biosciences Laboratory. 
were taken on a Varian FT-80A. Chromium acetonyl acetonate was added 
as a relaxation reagent. 

The spectra 

RESULTS 

Nitrogen Content - The bulk of the shale oil nitrogen was removed 
in the hydrocracking step. All four products from fractionation of 
the hydrocrackate--naphta, jet, diesel and heavy oil--contained sub- 
stantial amounts of nitrogen, however. The data in Table I indicate 
that the lighter products had less total nitrogen. 

' 

All products increased in nitrogen content as the refining run 
progressed. For instance, the 25 day hydrocrackate contained 2 1/2 
times the nitrogen found in the 12 day product. The jet and diesel 
fractions almost doubled in nitrogen over the same time span. The 
hydrocracking catalyst lost activity throughout the run. 

The nitrogen content of the J P - 5  and DFM fractions, the products 
important to the Navy, was too high to afford satisfactory stability. 
Extensive acid treatment with sulfuric acid reduced the nitrogen 
content in the finished fuels, however, to one ppm(w/v) for the J P - 5  
and 18 ppm (w/v) for DFM. 

points than similar fuels made from most petroleum crudes. This is 
related to the symmetrical E-alkane molecules which are major compon- 
ents of shale derived fuels ( 6 ) .  The content of these molecules in 
the Shale-I1 middle distillate fuels is listed in Table 11. The 
relationship between freezing point and composition will be considered 
in another paper of this symposium. 

n-Alkane Content - Shale fuels exhibit higher freeze and pour 

FIMS Fingerprint - Field ionization mass spectrometry of a mix- 
ture affords a spectrum of the molecular ions since fragmentation is 
minimal. Thus a distribution of molecular sizes and hydrocarbon 
classes can be obtained from a single analysis. This is illustrated 
in Figures 1 and 2 which compare the FIMS fingerprints for JP-5 
from Shale-I and Shale-I1 refining. Distinct differences can be noted. 
The preponderance of alkanes (C H2n+2) is highlighted in Shale-I fuel 
which was produced by cracking the s ale crude by delayed coking. 
Shale-11, a hydrocracking process, produced a product much lower in 
alkanes. Analysis for total c-alkane content agrees with this find- 
ing, 3 7 %  in Shale-I JP-5 ( 6 )  and 22% for Shale-11. Other significant 
differences between the two jet fuels can be noted in the much higher 
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peaks f o r  s u b s t i t u t e d  benzenes (CnH2n-6 )  and t e t r a l i n s  (CnH2n-8 )  i n  
t h e  S h a l e - I 1  p r o d u c t .  

Other  d i f f e r e n c e s  can  be no ted  i n  t h e  FIMS d a t a  assembled  i n  
Tab le  111. For i n s t a n c e ,  Sha le - I1  a l s o  h a s  h i g h e r  peak sums f o r  mono- 
c y c l i c  a l k a n e s  ( C n H 2 n )  and d i c y c l i c  a l k a n e s  (CnH2 2 )  t h a n  Shale- I  
( c o k i n g ) .  
by f r a c t i o n a t i o n  o f  Paraho  s h a l e  c r u d e  fo l lowed  by 1200 p s i  c a t a l y t i c  
hydrogenat ion  o f  t h e  j e t  f u e l  c u t  (71 ,  i s  a l s o  shown i n  Tab le  111. 
Again t h i s  f u e l  h a s  a d i s t i n c t l y  d i f f e r e n t  FIMS f i n g e r p r i n t  i n  response 
t o  t h e  r e f i n i n g  p r o c e s s  used. 

Data f o r  a t h i r d  JP-5 sample,  a t e n  gaqion  q u a n t i t y  produced 

p r e p a r a t i v e  S c a l e  LC - S e p a r a t i o n  of  JP-5 and DFM on t h e  Waters 
r a d i a l l y  compressed s i l i c a  column gave many f r a c t i o n s .  T h i s  i s  
i l l u s t r a t e d  i n  F i g u r e  3 f o r  s i x  m l  o f  DFM. F r a c t i o n  o n e ,  beginning  a t  + 
3 . 2  min, i s  t h e  s a t u r a t e  f r a c t i o n  which w a s  d e t e c t e d  w i t h  a r e f r a c t i v e  
index  d e t e c t o r .  F r a c t i o n  2 ,  i n d i c a t e d  by s l i g h t  a b s o r p t i o n  on  t h e  
254 nm uv d e t e c t o r ,  co r re sponds  t o  t h e  o l e f i n  f r a c t i o n .  The subsequent  
f r a c t i o n s ,  as i n d i c a t e d  by t h e  s t r o n g  a b s o r p t i o n  on one  o r  b o t h  of t h e  
uv d e t e c t o r s ,  a r e  comprised of a r o m a t i c  f r a c t i o n s .  I t  i s  noteworthy 
t h a t  f r a c t i o n s  7 , 8  and 9 e x h i b i t  s i g n i f i c a n t  a b s o r p t i o n  a t  254 nm b u t  
none a t  313 nm. The JP-5 sample gave o n l y  f i v e  f r a c t i o n s  i n  t h e  same 
t y p e  o f  a n a l y s i s .  

4 

1 
Evapora t ion  o f  t h e  !-pentane s o l v e n t  gave an  e s t i m a t e  of  t h e  

amount of  t h e  v a r i o u s  f r a c t i o n s .  The p e r c e n t a g e s  normal ized  t o  t o t a l  
1 0 0 %  a r e  l i s t e d  i n  Tab le  I V .  Recove r i e s  o f  i n p u t  sample amounted t o  
96 and 93% f o r  t h e  DFM and JP-5,  r e s p e c t i v e l y .  The losses w e r e  due t o  
evapora t ion  of v o l a t i l e  components d u r i n g  t h e  removal of  t h e  s o l v e n t .  
As expec ted ,  f r a c t i o n s  1 and 3 comprised t h e  b u l k  of t h e  f u e l  samples,  
88.5% of t h e  DFM and 95.3% of t h e  JP-5. 

Mass Spec t romet ry  of  LC F r a c t i o n s  - The f r a c t i o n s  from t h e  prep- 
a r a t i v e  scale LC were s u b j e c t e d  t o  GC/MS a n a l y s i s  w i t h  e l e c t r o n  impact 
i o n i z a t i o n .  The t o t a l  f r a c t i o n s  w e r e  a lso ana lyzed  by f i e l d  i o n i z a -  
t i o n  mass s p e c t r o m e t r y  w i t h  a d i r e c t  i n s e r t i o n  probe .  The FIMS m / e  
p l o t  f o r  DFM f r a c t i o n  f i v e  i s  d e p i c t e d  i n  F i g u r e  4 .  The two major 
hydrocarbon series observed  i n  t h i s  f r a c t i o n  are CnH2 -12 and 
En142n-14, n a p h t h a l e n e  and acenaphthenes .  Trace amounk  o f  t h e  

2n-10 and  CnH2n-8 series also a p p e a r  i n  F i g u r e  4 .  

A summary o f  t h e  hydrocarbon series i n  t h e  n i n e  DFM and f i v e  JP-5 
LC f r a c t i o n s  a r e  l i s t e d  i n  Table  V. The d a t a  a r e  q u a l i t a t i v e  i n  
n a t u r e  and based  on b o t h  MS t e c h n i q u e s ,  E1 and F I .  The t r e n d s  wi th  
f r a c t i o n  number a re  as expec ted ,  hydrocarbons  w i t h  less hydrogen 
appear  i n  t h e  la ter  f r a c t i o n s .  F u r t h e r ,  t h e  t r e n d  i n  a r o m a t i c  r i n g  
s i z e  was 1 r i n g  ( f r a c t i o n  3 ) ,  2 r i n g s  ( f r a c t i o n  4 ) ,  and 3 r i n g s  
( f r a c t i o n s  5-91. The JP-5 has  v e r y  l i t t l e  t h r e e  r i n g  m a t e r i a l  bu t  t h e  
DFM e x h i b i t s  e v i d e n c e  f o r  c o n s i d e r a b l e  amounts of acenaph thenes ,  
f l u o r e n e s ,  and phenanthrenes/anthracenes. 

The LC s e p a r a t i o n  d i d  n o t  g i v e  s h a r p  s e p a r a t i o n  by r i n g  s i z e ,  
however. For  i n s t a n c e ,  t e t r a l i n s  appeared  i n  f r a c t i o n s  3-5 and 
naph tha lens  o c c u r r e d  i n  f r a c t i o n s  4-7. L a r g e r  molecu le s  i n  a p a r t i c -  
u l a r  series e l u t e d  i n  l a t e r  f r a c t i o n s .  

S i g n i f i c a n t  amoun.ts of  p a r t i a l l y  o r  f u l l y  s a t u r a t e d  r i n g  com- 
pounds w e r e  found i n  t h e  j e t  and d i e s e l  p r o d u c t s .  Mono- and d i c y c l i c  
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alkanes were a major portion of the saturate fraction and a fair amount 
of tricyclic alkanes were also found. Tetralins/indanes were also 
found in abundance. Some partially hydrogenated tricyclic aromatics -- 
antfirenet -- were also observed. 
compounds is evidence of the high pressure hydrocracking step in the 
refining process. 

proton nmr exzmination. 
treated by the method of Clutter and co-workers (8) to describe the 
average molecule. The calculated parameters are summarized in Table VI. 
The values obtained are consistent with the other information in this 
paper and in the description of the Shale-I JP-5 reported in an earlier 
article ( 6 ) .  

C (tetrahydroacenapthene, hexahydrofluorene, and octahydrophen- 
The presence of these types of 

NMR anal ses - Fraction 3 from the LC separation was subjected to 
The information from this examination was 

CONCLUSIONS 

The information presented in this paper shows that shale oil has 
an excellent potential as a source for high quality middle distillate 
fuels. The composition of such fuels may vary widely, however, 
depending on the overall refining process. 
explore other refining options and to examine the effect of refining 
on finished fuel composition and properties. 
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TABLE I. S h a l e - I 1  Ref in ing  Ni t rogen  Content*  

P r o d u c t  

Days of  Hydro- Je t  
Opera t ion  c s a c k a t e  Naphtha Pre-Acid 

1 7 0 0  1 2  1 4 0 0  
2300 1 8  2 0 0 0  

2 1  3000 6 4 0  2500 
2900 25  3800 

--- 
--- 
--- 

* - PPM ( w t / V O l ) .  
Crude s h a l e  o i l  c o n t a i n e d  2.1% n i t r o g e n  

DFM F r a c t i o n a t i o n  
Pre-Acid Residue 

i 

2500 1940 
2900 2700 9 
4000 
4100 ---- 

---- 

i 
I 

TABLE 11. n-Alkanes i n  Sha le - I1  F u e l s  

n-Alkane 

‘8 

‘9 

‘10 
‘11 
‘12 

‘13 
‘14 

‘15 

‘16 

‘18 
‘11 

‘19 
‘20 

Tota l  

Weight P e r c e n t  

DFM 

0.06  

0.14 0.13 

4.20 0.46 

1.23 0.93 

6.08 1 . 4 0  

3.30 2.22 

0.93 2.39 

0.28 2 . 6 1  

0.06 2.19 

0 .01  2 . 1 1  

1 . 4 0  

0.65 

0.04 

22.23 1 6 . 5 9  

- J P -  5 -- 
--- 

--- 
--- 
--- 
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TABLE 111. Hydrocarbon Classes i n  JP-5 Samples 
by FIMS* 

Hydrocarbon Shale- I  Sha le - I1  S h a l e - I  
S e r i e s  (Coking) (Hydrocracking)  ( F r a c t i o n a t i o n  E, 

Hydrogenat ion)  

‘nH2n+2 50.8 30.4 40.6 

‘nH2n 12.2 16 .9  20.8 

, ‘nH2n-2 4.1 7 . 1  11 .2  

‘nH2n-6 16 .6  19.6 14 .4  

‘nH2n-8 12.2 23.8 7.3 

‘nH2n- 10 

‘nH2n-4 1 .9  0.8 3.2 

1 .7  1 .0  2.2 

* I o n  i n t e n s i t i e s  ( t o t a l  = 100)  

TABLE I V .  Yie lds  From LC S e p a r a t i o n  

P e r c e n t  Y i e l d  

DFM JP-5 - FRACTION - 
68.9 73.6 

0.8 2.9 
19 .6  21.7 

7 .1  1 .6  
1 . 2  0 .3  
0 .6  --- 
0.7 --- 
0 . 5  --- 
0.7  --- 

% r e c o v e r e d  96 93 
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Relationship Between Fuel Composition and Properties. 

I11 - Physical Properties of u .  S. Navy Shale-I1 Fuels 
W. A. Affens, J.  M. Hall, E, Beal, R. N. Hazlett 

Naval Research Laboratory 
Washington, D. C. 20375 

C. J. Nowack, G. Speck 
Naval Air Propulsion Center 
Trenton, New Jersey 08628 

INTRODUCTION 

The U. S. Navy has been involved for some time in the develop- 
ment of Navy fuels from alternative sources (shale oil, tar sands 
and coal) and as a part of this effort, the Naval Research Laboratory 
and the Naval Air Propulsion Center have been studying the charac- 
teristics of these fuels (1,2). NRL and NAPC are currently partici- 
pating in a program to characterize the products from the Shale-11 
refining process conducted by the Standard Oil Company of Ohio (SOHIO) 
at their refinery in Toledo, Ohio. This paper is concerned with a 
part of this program and is a summary of the work on the physical and 
related properties of three military type fuels derived from shale: 
JP-5 and JP-8 jet turbine fuels, and diesel fuel marine (DFM) (3-5). 
Another paper of this symposium (6) will discuss the chemical charac- 
terization of the fuels. 

JP-5 (3) is a "high flash point" Navy fuel for carrier-based jet 
aircraft and helicopters and occasionally for shipboard power plants 
and propulsion. JP-8 ( 4 ) ,  a U. S .  Air Force jet fuel, is very 
similar to "Jet A" kerosene used by commercial jet aircraft in the 
United States and elsewhere. 

The shale derived fuels which were used in these studies were 
derived from Paraho crude shale oil. The refining process which was 
used is described elsewhere (7). 

.A total of thirty-six Shale-I1 fuel samples have been examined 
including seventeen JP-5 samples, five JP-8 samples and fourteen DFM 
samples. Of the thirty-six samples, twenty-six were "finished" fuels 
in that they had been treated with sulfuric acid to remove organic 
bases, and ten were "pre-acid treatment" samples. Six of the 
finished samples did not contain additives but the remaining twenty 
samples did. The latter group included two pilot plant samples, one 
JP-5 ("J-PP") and one DFM ("D-PP"). 

GC SIMULATED DISTILLATION 

The boiling range distribution of a representative sample of 
each of the three fuels was determined by gas chromatography (GC 
Simulated Distillation) using ASTM method D 2887 (8). Data are 
given in Table I and plots of the data for JP-5 and DFM are shown in 
Figure 1. JP-8 data have been omitted from the figure since the 
data for JP-5 and JP-8 are quite similar. The temperatures for the 
JP-8 averaged 4OC lower than for the JP-5 at the various percentages. 
The only exception was the 0.5% distilled point, for which JP-5 was 

31 



5OC lower. The JP-5 data are somewhat low compared to current JP-5 
from petroleum (9). A s  a rule, data obtained by a GC simulated 
distillation do not agree with analogous data obtained by actual dis- 
tillation. Temperatures by the simulated distillation are lower than 
that of simple ASTM pot distillations (10) at the initial tempera- 
tures, higher near the end point temperatures, and in close agreement 
near the midpoint temperatures (3,4). From the distillation data 
and other data which follow, the JP-8 Shale-I1 samples can be con- 
sidered to be "JP-5" fuel for all practical purposes. 

MISCELLANEOUS PHYSICAL PROPERTIES 

Specific gravity, freezing point and pour point data are shown 
in Table 11. For each fuel four kinds of data are given (where 
available): the range of the data (minimum and maximum values 
obtained), the average value for all the samples examined, the mili- 
tary specification 'requirement for that property, and an average 
value for a representative petroleum derived fuel. Also shown in 
the table are the number of fuel samples which were examined in each 
case. This format is also used for Table I11 which will follow. 

Specific Gravity - The specific gravities of the Shale-I1 jet 
fuels (one sample of each type) were very similar to each other, met 
specification requirements, and were about the same as that of an 
average petroleum derived fuel. The two Shale-I1 DFM specific 
gravities were very similar but slightly lower than that of an aver- 
age petroleum derived fuel. 

Freezing Point - With the exception of one JP-8 sample (J-111, 
all the samples of the jet fuels froze below the specification 
maximum. The single exception froze less than 0.5'C above the 
allowed value for JP-8, -5OOC.  The similar freezing points for the 
JP-5 and JP-8 samples reinforce the conclusion from the distillation 
data that the two types of jet fuels made in the SOH10 process are 
very similar. The highest JP-5 freezing point was that of the pre- 
acid treatment sample (J-7) which froze at -46.8OC. The freezing 
point of jet fuels is greatly affected by the concentration of the 
higher n-alkanes, such as n-hexadecane (1). The relationship between 
freezing point and the concentration of 1-hexadecane in the fuel 
appears to be consistent with that of the Shale-I studies. The 
amount of these alkanes in the Shale-I1 jet fuels is relatively low 
(6), a result of keeping the distillation end point lower than normal 
( 3 , 4 ) .  

Pour Point - The pour points of each of two samples of DFM were 
-20.6OC. This value is well below the specification maximum of 
-6.7OC (4) and that of an average petroleum derived DFM (11,12). 

FLAMMABILITY , I GNI TI ON AND ELECTROSTATIC PROPERTIES 
Flammability, ignition, and electrostatic properties are shown 

in Table 111. A s  in the case of the miscellaneous physical 
properties (Table II), the range of the data, averages, specification 
requirements, and representative values for petroleum derived fuels 
are given in the table. 

Flash Point - Flash points were determined by the Tag closed 
cup method (16) rather than by the Pensky-Martens method ( 2 0 )  as 
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called for in the specifications for JP-5 (3) and DFM (5). The Tag 
closed cup, however, is specified for JP-8 (4). The Tag method was 
chosen in order to have a basis of comparison for all three fuels 
and because it gives values which are closer to the lower flamma- 
bility temperature limits which is important from the standpoint of 
Safety. 
gives values which are 2-4OC lower than that of the Pensky-Martens 
(12). The JP-8 and the DFM flash points are seen to be well above 
the specification requirements of 38' and 6OoC (4,5). In the case 
of the JP-5 samples, four of the six samples had Tag flash points 
which were below the required 60°C (3). However, if we assume that 
the Pensky-Martens flash points would average about 3OC higher, four 
of the six samples would then meet the 60°C minimum and the other two 
would be less than a degree low. The Shale-I1 JP-8 flash point data 
are somewhat higher than that of an average petroleum derived JP-8 
and quite close to that of the Shale-I1 JP-5. 

For fuels in the JP-5/DFM flash point range, the Tag method 

Autoignition Temperatures - The autoignition data (AIT) shown in 
Table 111 were determined by ASTM D 2155 (17). The Shale-I1 JP-8 
and DFM AIT values (238OC) were identical and similar to that of 
their petroleum derived counterparts. The Shale-I1 JP-5 AIT (232OC1, 
however, was slightly lower than that of the other two fuels as well 
as that of representative petroleum JP-5 (24loC), but was well within 
the ll°C reproducibility limit set by the method (17). There are no 
AIT requirements in the military specifications for JP-5, JP-8 and 
DFM (3-5). 

Electrostatic Properties - Electrostatic data are shown in 
Table 11. The electrical conductivity and charging tendency of jet 
fuels are important with respect to electrical charge buildup in 
flowing fuel equipment, particularly filter separators. Electrical 
charge buildup can result in a spark discharge capable of igniting 
flammable vapors if they are present. This is a frequent cause of 
accidental fires and explosions and is an important factor in safety. 
Therefore, these properties were measured on the Shale-I1 jet fuels 
to determine if these fuels posed a lesser or greater hazard than 
their petroleum-derived counterparts. The values which were found 
for the Shale-I1 jet fuels in Table I11 are in the normal ranges 
found for petroleum derived jet fuels. The response to the addition 
of a static dissipator additive, ASA-3, is also normal. These Shale- 
I1 jet fuels behaGed significantly different than the Shale-I JP-5 
which exhibited abnormally high glectrical conductivity (215 pS/m) 
and charging tendency (7035 vC/m ) without the addition of any 
additives (2). 

COPPER CORROSION 

Tests for corrosion are of a qualitative type and are made to 
determine whether the fuel is free of tendency to corrode copper 
bearing alloys in aircraft pumps. The results of the ASTM copper 
strip corrosion tests (22) are shown in Table IV. The samples in t s 

table are grouped in accordance with their refining treatmknt and by- 
the additives the fuels were reported to contain. The fuels fall into 
four groups as seen in Table IV: (a) nine samples taken in the refin- 
ing process before the acid treatment: (b) six finished samples which 
contained no additives; (c) nine jet fuels containing fuel system 
icing inhibitor (FSII) and an anti-oxidant; and (d) finished fuels 
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containing only anti-oxidant. In the table a "+" or 1' - 01 sign is used 
in each column to show the applicability of the column headings. In 
the case of the FSII column, seven of the nine jet fuels which con- 
tained the icing inhibitor show actual data in place of the "+" sym- 
bol. In those cases, concentration was determined by analysis ( 2 3 ) .  
The specification requirement ( 3 , 4 )  for both jet fuels is 0.10 - 0.15% 
FSII (ethylene glycol monomethyl ether). 

The corrosion test results are shown in the last column. In 
order to meet the specification requirement ( 3 , 4 ) ,  a maximum value 
of "1" is acceptable in a scale of one through four (22) - For 
example, "1B" would pass, but "2A" would not. It is seen in the 
table that only one of the nine pre-acid treatment samples and one 
of the six additive free finished samples failed the test. But of 
the sixteen additive containing samples, only two (J-PP and D-PP) 
passed the test. These two samples were pilot plant samples which 
contained a different anti-oxidant, AO-29. Since almost all of the 
finished samples failed the test and since most of the pre-acid or 
non-additive samples passed the test, these results need to be related 
to the sequence of operations in the refinery process and to the 
nature of the additives which were used. It seems probable that 
either there was a problem with the acid treatment process by which 
a corrosive species was produced which ended up in the finished 
samples or that the additives used may have been contaminated. Both 
aspects may be involved. 

Free sulfur (17 ppm) and mercaptans (10 ppm) have been detected 
in the Shale-I1 JP-5. Model studies found that the combined presence 
of these two species, each at about the 10 ppm level, can cause fail- 
ure of the copper corrosion test. The anti-oxidant, AO-30, exhibited 
indications of reinforcing the effects of the sulfur species in the 
model studies. Fortunately, a concentration of 5 ppm of benzotri- 
azole enables Shale-I1 JP-5 to pass the copper strip corrosion test. 

CONCLUSIONS 

The physical properties of the Shale-I1 fuels were similar to 
that of equivalent fuels derived from petroleum. The differences 
observed could be minimized by modest changes in refining steps. 
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TABLE I. 5C Simulated Distillation* 

Percent Distilled 

0.5 
5 . 0  

10.0 
20 .0  
30 .0  
40.0 
50.0 
6 0 . 0  
70 .0  
80.0 
9 0 . 0  
95.0 
99 .5  

*ASTM D 2 8 8 7  ( 8 )  

TABLE 11. 

Temperature ( " C )  
JP-8  JP-5 DFM 
(J-11) ( J - 1 8 )  (D-1) --- -- 

1 5 6  
1 6 9  
1 7 5  
1 8 2  
1 9 1  
1 9 9  
2 0 5  
2 1 6  
2 2 1  
2 3 1  
2 4 0  
2 5 3  
2 8 1  

1 5 1  
1 7 2  
1 7 7  
1 8 7  
1 9 7  
2 0 2  
2 1 1  
2 1 9  
2 2 4  
2 3 4  
2 4 5  
2 5 5  
2 8 7  

1 4 4  
1 9 6  
2 1 7  
2 3 5  
2 5 0  
2 6 0  
2 7 1  
2 8 2  
2 9 4  
3 0 5  
3 1 6  
3 2 3  
3 4 7  

Miscellaneous Physical Properties 

Freezing Pour 
Specif. G av. Poinh Point 
(25 /25OC)  ("C) ( " C )  

f; 

~p-5 (10 samples) 

Range 
Average 
Specification 
Petroleume 

Jp-8 ( 2  samples) 

Range 
Average 
Specification 
Pe troleume 

E ( 2  samples) 

Range 
Average 
Specificagion 
Petroleum 

- -46 .8  - - 5 1 . 7  - 
0. 8 1 2 2 d  -49.7 - 

0 . 7 8 8  - 0 . 8 4 5  -46  (rnax.) - 
0 . 8 1 8  -49  - 

- - 4 9 . 6  - -50 .4  - 
0.8098'  -50.0 - 

0 . 7 7 5  - 0 . 8 3 0  -50 (rnax.) - 
0 .810  -54  - 

0 . 8 3 9 0  - 0 . 8 3 9 3  
0 . 8 3 9 2  

0 . 8 5 0  
- 

- 2 0 . 6  f 
-20.6 

-14  
-6.7 (rnax.) 

a - ASTM D 1 2 1 7  ( 1 3 )  
b - ASTM D 2 3 8 6  ( 1 4 )  
c - ASTM D 9 7  ( 1 5 )  
d - One sample tested. 
e - Data for representative petroleum derived fuel ( 9 , 1 1 , 1 2 )  
f - Same result for both samples. 

37 



W - 
0 0  
0 0  
w o  
w z r  
rl 
- 1  

4 

0 
0 
m 

I 
N 
4 

0 1  I I I I I  

m 

- 
a, 
in 0 0  

1 0 1 0  o m  
r l r l  
N 

l‘ 

I 
4 - 
a, 
N 
N - 
a, 
W 

I .  
W 

m 
rl 

I 

m I I I I  
I 
0 

0 
0 
N 

I 

a, 
- 4  

l r n 1 - r  
N N  

a, a,@ 
m m  m m  0 

l m l m  m m  I e 
N N  N N  N 

t”, 
N C  

4 
- + E  w o -  
I coo- 

m w w  
rl 

rn 
P 

co 
m 
I w m m  
m m m  

Qf H 
H 
H m 

m m 
m W 

cl m 
3 m 

a, 
rl 
IL 
9 

rn 
a, 
rl a 
5 

m 
a, 
rl a 
2 

W - 

38 



! 

TABLE IV. C-er Strip Corrosion Tests 

Pre- 
Acid Acid Treated Fuel Spple Additive8’ Test 

Sample F u e l  Treat. FSI I  (%v/v) Anti-Oxid. ResultC 

5-7 
J-8 
J-9 
J-10 
5-13 
5-14 
D-7 
D-8 
D-10 

J P - 5  
,I 

1 

JP-8 

DFM 

,, 

J-1 JP-5 - + 
J - 1 9  + 
J-11 JP-8 + 
J -12  - + 
J -17  - + 
D - 1  DFM - + 

- - 
,I 

J-PP 
J - 2  
J- 3 
5 - 4  
5-5 
J-6 
J-16 

J -22  
J - i a  

D-PP 
D-2 
D-3 
D-5 
D-6 
D - 1 1  
D-12 

0.11: 
0 . 2 1  

d 0.20 

d 0.19 
0.18: 

0.10 

+e 

+e 

0. 0gd 

- 
- 
- 
- 
- 
- - 

1A 
1A 
1A 
1A 
3B 
1A 
1A 
IA 
1B 

f + 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

f 

1A 
3B 
3B 
3B 
3B 
3B 
3B 
3B 
3B 

1A 
3B 
3B 
3B 
3B 
3B 
3B 

a - Ethylene glycol monomethyl ether fuel system icing inhibitor 
b - Anti-oxidant “AO-30“ (2,4-dimethyl-6-tertiary-butyl phenol). 
c - ASTM D 130 ( 2 2 ) .  Specification (max.) = 1B ( 3 - 5 )  
d - By FSII determination (23) 
e - FSII reported to be present (0.10 - 0.15%) (3,4) 
f - Anti-oxidant “AO-29“ (2,6-ditertiary-butyl-4-methyl-phenol) in 

(3, 4 )  

pilot plant fuels. 
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Relation Between Fuel Properties and Chemical Composition. 
IV. Stability of Oil Shale Derived Jet Fuel 

C. J. Nowack, R. J. Del Fosse and G. Speck 
Naval Air Propulsion Center 
Trenton, New Jersey 08628 

and 
J. Solash and R. N. Hazlett 
Naval Research Laboratory 
Washington, D. C. 20375 

INTRODUCTION 

The Navy has been interested in the utilization of alternate 
fossil fuels for sometime (1). Our interest is focused primarily in 
establishing the effects of chemical composition on fuel properties, 
since such relations will lead to production efficiency and better 
utilization of fuels. We recently reported some of our results 
on jet fuels derived from coal, tar sands and oil shale (la). Earlier 
papers in this series report on other aspects of oil shale derived 
fuels obtained from a large production experiment performed by Paraho, 
Inc. ( 2 ) .  In this paper, we report on some aspects of stability of 
a jet fuel prepared from Paraho shale oil. 

Previous work with shale oil derived middle distillates has 
noted the very high freezing point of these fuels ( 3 ,  4, la). In 
addition, shale oil fuels which were high in nitrogen gave as much 
as 45% conversion of fuel bound nitrogen to NO emmissions when 
burned under typical jet engine conditions (lay. The high nitrogen 
content shale oil jet fuels were also found to form particulates 
and gums upon standing at ambient temperatures in the absence of 
light ( 3 ) .  

Stablity of fuels concerns the tendency of fuels to form 
particulates and/or coatings or deposits on engine surfaces under 
two different sets of conditions. One set of conditions are those 
of storage: temperatures of s4OoC, quiescent exposure to air, no 
light. The other set of conditions are those which the fuel is 
likely to encounter in a jet engine fuel system: temperatures in 
the range 150-250°C, agitation in the presence of air, no light. 
Shale oil derived fuels used in this work were significantly poorer 
than petrolgum derived fuels under both stability regimes and a 
thorough-study of the stability of these fuels was undertaken. 

EXPERIMENTAL 

The shale oil derived jet fuel (designated Shale-I) used in this 
work was produced from a crude shale oil (supplied by Paraho, Inc.) by 
hydrotreatment at the Gary-Western refinery. The entire production 
operation has been fully described elsewhere (IC). The physical prop- 
erties Of the jet fuel have been reported (la). 

Alcor, Inc. Jet Fuel Thermal Oxidation Tester (JFTOT) ( 5 ) .  Low tem- 
perature (storage) stability was determined by measurement of gums, 
Contamination and peroxide concentration (all by ASTM standard methods) 
before and after exposure to temperatures of 6OoC for four weeks. The 

High temperature stability of the fuels was measured using an 
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fuels were stored in 1R low actinic, dark pyrex glass bottles and were 
loosely covered to prevent exposure to airborne particulates. Air 
could still diffuse into the vessel. The vessels with fuel and various 
additives were thermostated at 60°C for the specified length of time. 

Isolation of shale oil jet fuel basic nitrogen compounds was 
accomplished by acid extraction followed by neutralization of the HC1 
adducts (3). The basic nitrogen compounds thus obtained were analyzed 
by gas chromatography using a Perkin-Elmer model 3920B gas chromato- 
graph equipped with a lOOm OV-101 glass WCOT column and nitrogen- 
specific detector. This column separated the nitrogen compounds into 
at least 70 incompletely resolved components. Tentative identification 
Of some of the components was made by combined gas chromatography-mass 
spectrometry (gc-ms) using a Hewlett-Packard model 5982 gc-mass spec- 
trometer with a Hewlett-Packard model 5933A dedicated data system. 
The mass spectrometer was equipped with a 33m SE-30 SCOT column and was 
operated in the E1 mode at 70 eV. In addition, the extracted basic 
nitrogen compounds were subjected to field ionization mass spectroscopy 
(FIMS). Ions produced by field ionization tend not to fragment and an 
accurate MW profile of a mixture can be constructed (6). 

RESULTS AND DISCUSSION 

Oil shale, as well as crude shale oil, typically smell of nitro- 
genous compounds. Early work with refined shale oil clearly showed (3) 
that the shale oil jet fuels used (%lo00 ppm nitrogen) were unstable 
and rapidly plugged filters upon standing for several days. Removal 
of nitrogenous material by acid extraction or by passing the fuel over 
clay or silica gel resulted in improved storage properties. The chemi- 
cal constitution of the nitrogen containing materials was sought in an 
effort to discover specific classes of compounds which could cause 
stability problems. It is well-known that pyrroles and indoles are 
quite reactive toward air and light (7) and if present in large quanti- 
ties in these fuels might account for the observed instability. 

The Shale-I jet fuel contained 976 ppm nitrogen, of which 860 ppm 
nitrogen was acid extractable. The neutralized extract was subjected 
to gas chromatrography using an all glass system with high efficiency 
capillary column. A chromatogram of the acid extract obtained using 
a nitrogen specific detector is shown in Figure 1. As shown, reten- 
tion time matching implies that the majority of compounds are pyridine- 
type bases. The mixture was also subjected to gc-mass spectroscopy. 
The total ion chromatogram is shown in Figure 2. The lower resolution 
SCOT column used on the mass spectrometer did not permit unequivocal 
assignment of each peak. Tentative assignments of the numbered peaks 
are noted in Table I. In many cases, the electron impact mass spectrum 
clearly showed the presence of more than one compound. However, the 
main compound type observed was alkyl substituted pyridine with lesser 
quantities of quinolines. We used another mass spectral technique to 
help confirm our gc-ms assignments. The FIMS results are tabulated in 
Table 11. Since molecules tend not to fragment when field ionized, the 
FIM spectrum can be scanned for parent masses and compound classes and 
higher alkyl substituted homologs readily recognized. The FIMS data 
confirms the presence of major amounts of pyridine compounds with 
lesser quantities of quinoline and tetrahydroquinoline types. Signifi- 
cantly, indoles and pyrroles are present only in very small amounts. 
While ionization efficiencies for various classes of compounds under 
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FI c o n d i t i o n s  are n o t  known w i t h  c e r t a i n t y  we  do  n o t  e x p e c t  them t o  be  
v e r y  d i f f e r e n t  f o r  the a r o m a t i c  n i t r o g e n  t y p e s  observed  h e r e .  We have 
observed  t h a t  FIMS d a t a  on b a s i c  n i t r o g e n  compounds r e s u l t s  i n  a h ighe r  
t h a n  expec ted  i n t e n s i t y  f o r  p a r e n t  +1 peaks .  T h i s  w a s  obse rved  f o r  ou r  
b a s i c  n i t r o g e n  e x t r a c t s  b u t  n o t  f o r  =-alkane or  n e u t r a l  f u e l  samples.  
W e  a t t r i b u t e  t h i s  phenomenon t o  t h e  p r e s e n c e  o f  water i n  t h e  b a s i c  
n i t r o g e n  e x t r a c t s ;  the  w a t e r  r a p i d l y  p r o t o n a t e s  t h e  r a d i c a l  c a t i o n  gen- 
e r a t e d  by F I .  

E x t r a c t i o n  of  the  Sha le - I  j e t  f u e l  w i t h  HC1 i s  approx ima te ly  90% 
e f f i c i e n t  f o r  removal o f  n i t r o g e n  c o n t a i n i n g  m a t e r i a l .  Remaining i n  
t h e  f u e l  are 1 1 6  ppm o f  non-bas ic  n i t r o g e n  compounds. Presumably,  
t h e s e  compounds w i l l  be compr ised  p r i m a r i l y  o f  p y r r o l e ,  i n d o l e  and 
c a r b a z o l e  types .  Only traces of  s u b s t i t u t e d  p y r r o l e s  and i n d o l e s  were 
observed  by FIMS i n  the  b a s i c  n i t r o g e n  f r a c t i o n  (Tab le  11). S h a l e  o i l  
n i t r o g e n  compounds have  been c h a r a c t e r i z e d  p r e v i o u s l y  ( 8 )  and s i n c e  
c a r b a z o l e s  and p y r r o l e s  cou ld  n o t  be  t i t r a t e d  it i s  n o t  s u r p r i s i n g  t h a t  
t h e y  are a l s o  n o t  e f f i c i e n t l y  e x t r a c t e d  by 1 N  HC1. 

High Temperature (Thermal) S t a b i l i t y  - The h i g h  t empera tu re  s t a -  
b i l i t y  of  t h e  S h a l e - I  j e t  f u e l s  w a s  measured u s i n g  t h e  JFTOT t e c h n i q u e  
( 5 ) .  The the rma l  o x i d a t i v e  s t a b i l i t y  o f  t h e  r e c e i v e d  f u e l  (976 ppm N) 

w a s  measured. The f u e l  w a s  t h e n  a c i d  e x t r a c t e d ,  t h e  i s o l a t e d  b a s i c  
n i t r o g e n  compounds added  back i n t o  t h e  e x t r a c t e d  s h a l e  f u e l  in  va ry ing  
q u a n t i t y ,  and t h e  t h e r m a l  o x i d a t i v e  s t a b i l i t y  rede termined .  A pe t ro -  
leum d e r i v e d  JP-5 w a s  a l s o  s u b j e c t e d  t o  JFTOT t e s t i n g .  The pe t ro l eum 
f u e l  had a b r e a k p o i n t  t empera tu re  o f  275OC and a t  260°C d i d  n o t  produce 
s i g n i f i c a n t  TDR r e a d i n g s  or deve lop  a s i g n i f i c a n t  p r e s s u r e  d r o p  a c r o s s  
t h e  i n - l i n e  JFTOT f i l t e r .  A number of n i t r o g e n  compounds, t y p i c a l  of 
t h o s e  found i n  t h i s  s t u d y ,  were t h e n  added t o  t h e  pe t ro l eum d e r i v e d  JP-5 
and t h e  h i g h  t e m p e r a t u r e  s t a b i l i t y  r ede te rmined .  The r e s u l t s  w i t h  s h a l e  
and pe t ro leum f u e l s  are  d i s p l a y e d  i n  Table  111. 

In  p r e v i o u s l y  r e p o r t e d  s t a b i l i t y  work w i t h  s h a l e  o i l  d e r i v e d  j e t  
f u e l s  ( 9 )  it w a s  shown t h a t  t h e  JFTOT t h e r m a l  s t a b i l i t y  of s h a l e  o i l  
d e r i v e d  f u e l s  i n c r e a s e d  w i t h  d e c r e a s i n g  t o t a l  n i t r o g e n  c o n t e n t  o f  t h e  
f u e l s .  I n  Tab le  111, it i s  observed  t h a t  t h e  the rma l  s t a b i l i t y  o f  t h e  
Shale- I  f u e l  i n c r e a s e s  as t h e  c o n c e n t r a t i o n  o f  b a s i c  n i t r o g e n  compounds 
d e c r e a s e s .  I n  p r e v i o u s  work ( 9 )  t h e  l o w e r  n i t r o g e n c o n t e n t s  o f  t h e  
s h a l e  o i l  j e t  f u e l s  w e r e  ach ieved  by more s e v e r e  hydro t r ea tmen t .  I t  
c a n  a l s o  be  obse rved  t h a t  t h e r e  a p p a r e n t l y  are two major  modes o f  h igh  
t empera tu re  the rma l  i n s t a b i l i t y  and t h e  e f f e c t  of b a s i c  n i t r o g e n  i s  
d i f f e r e n t  i n  each .  I f  t he rma l  s t a b i l i t y  by JFTOT i s  measured o n l y  by 
t u b e  d e p o s i t s ,  t h e n  f o r  t h e  Sha le - I  f u e l  a s l i g h t  rise i n  b r e a k p o i n t  
t empera tu re  i s  obse rved  a s  t h e  b a s i c  n i t r o g e n  c o n t e n t  is reduced  (break-  
p o i n t  by TDR from 244OC t o  254O a s  b a s i c  N changes  from 8 3 8  t o  7 ppm). 
However, i f  t h e  f i l t e r  p r e s s u r e  d r o p  is used f o r  de t e rmin ing  b r e a k p o i n t  
t h e n  a much l a r g e r  change ,  227 t o  279'C i n  b r e a k p o i n t  t e m p e r a t u r e ,  is 
observed  as  b a s i c  n i t r o g e n  c o n t e n t  i s  reduced .  

In  o r d e r  t o  c o n f i r m  some o f  t h e  e f f e c t s  o f  n i t r o g e n  compounds on 
h i g h  t empera tu re  s t a b i l i t y ,  p u r e  compounds which are similar t o  t h o s e  
found i n  t h e  S h a l e - I  b a s i c  n i t r o g e n  f r a c t i o n s  (Tab les  I and 11) were 
added t o  a pe t ro l eum based  j e t  f u e l  of h i g h  s t a b i l i t y  (Tab le  111). 
M o s t  of t h e  b a s i c  n i t r o g e n  compounds used  r e s u l t e d  i n  n e g l i g i b l e  
d e p o s i t  (TDR) f o r m a t i o n  w i t h  t h e  e x c e p t i o n  of 2-amino-3-methylpyridine. 
4 - t - B u t Y l p ~ r i d i n e  showed ev idence  of  f i l t e r  p lugg ing  b u t  l i t t l e  TDR 
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deposits were formed. Pyrrole, however, was found to produce a very 
high deposit rating (TDR) and also plugged the in-line filter. Much 
more work with pure compounds in simple carrier vehicles is necessary 
before definitive mechanistic inferences can be drawn regarding the 

. effects of the various classes of nitrogen compounds. 

Storage Stability - The low temperature or  storage stability of 
the Shale-1 fuel was followed by determining changes in peroxide con- 
centration, gum and contamination levels and changes in high tempera- 
ture stability (JFTOT behavior). The latter method was employed since 
deposit precursors, which might form at low temperatures, could seri- 
ously degrade engine operation if present in sufficient concentration. 
The test fuel was placed in la glass bottles which were loosely covered 
to permit air diffusion to the fuel. Ten ml of distilled water and 1 g 
Of iron fillings were placed in each sample. These conditions simu- 
lated actual storage tank conditions since water is always present in 
fuel storage tanks and the fuel is in contact with usually uncoated 
metal surfaces of storage tanks. The samples were maintained at 6OoC 
for four weeks. The results of the storage stability experiments are 
presented in Table IV. 

Storage stability measurements have been performed on some shale 
derived fuel (10). In that study, a Paraho jet fuel (very similar to 
our  Shale-I) was found to form some gums (increase in gums of about 
2 mg/100 ml fuel after 32 weeks storage at 43OC) but there was only a 
small increase in acid number and no increase in viscosity. In our 
storage tests, we tried to determine the effects of basic nitrogen com- 
pounds on the storage stability of the Shale-I fuel. The combination 
of acid extraction followed by silica gel chromatography of the Shale-I 
fuel was found to be effective for removing all nitrogen containing com- 
pounds. The nitrogen free Shale-I showed some tendency to accumulate 
peroxides under our  test conditions, but no appreciable gums were 
formed. In addition, the high temperature (JFTOT) stability of the 
aged nitrogen-free fuel was similaxly acceptable (Table IV). Increasing 
quantities of basic nitrogen compohnds, which were acid extracted from 
the fuel, were then reintroduced into the fuel and the storage stability 
redetermined. It will be noted that as the concentration of basic 
nitrogen compounds increases from 8.4 to 125 ppm N, both the gum con- 
tent and peroxide concentration after storage rise to a maximum 
( 2 5  ppm N) then fall back to lower levels (Table IV, expt. #2, 3, 4). 
However, the JFTOT deposit rating after storage was monotonically 
degraded by increasing nitrogen levels. The results imply a relation- 
ship between gum formation and peroxide concentration. It is possible 
that the relation between the gum and peroxide is of the form: 

O2 
RH -b [peroxide] > gum 

kl k2 
Fuel hydroperoxides are known to be stable to temperatures of approxi- 
mately 250°C (11). However, hydroperoxides can react at mild conditions 
to attack some rubbers. We propose that some fuel components, particu- 
larly those containing sulfur, nitrogen, oxygen, and olefinic functional 
groups, also react under storage conditions with peroxides. Condensa- 
tion or dimerization of the free radical intermediates formed in these 
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r e a c t i o n s  can  b u i l d  t h e  h i g h l y  p o l a r ,  medium molecu la r  we igh t  (400-500) 
gums observed  i n  some s t u d i e s  ( 1 2 ) .  A n t i o x i d a n t s  of e i t h e r  t h e  pheny- 
l e n e  diamine or h i n d e r e d  phenol  t y p e  w e r e  e f f e c t i v e  f o r  i n h i b i t i n g  both  
pe rox ide  and gum f o r m a t i o n  i n  t h e  c u r r e n t  s t u d i e s  (Table I V ,  e x p t s .  # 5 ,  
6, 8 ) .  

A p y r i d i n e  compound w a s  found t o  s t o r a g e  degrade  t h e  Sha le - I  f u e l  
f a s t e r  t h a n  a p y r r o l e  compound (Tab le  I V ,  e x p t .  # 9 , 1 1 ) .  A f t e r  s t o r a g e  
t h e  Sha le - I  f u e l  doped w i t h  50 ppm 5-ethyl-2-methylpyridine had an 
o r d e r  o f  magnitude more gums and 20 t i m e s  t h e  pe rox ide  l e v e l  compared 
t o  t h e  same f u e l  c o n t a i n i n g  50 ppm 2 ,5 -d ime thy lpyr ro l e  a f t e r  s t o r a g e .  
A n t i o x i d a n t s  w e r e  e f f e c t i v e  a t  i n h i b i t i n g  b o t h  gums and p e r o x i d e s  i n  
t h e  n i t r o g e n  doped f u e l s  a f t e r  s t o r a g e  (Tab le  I V ,  e x p t .  # l o ,  1 2 ) .  5- 
Ethy l -2 -me thy lpyr id ine  caused  a l a r g e  d e c r e a s e  i n  JFTOT r e s u l t s  a f t e r  
s t o r a g e  (TDR r e a d i n g  from f o u r  p r i o r  t o  s t o r a g e  t o  35 a f t e r  s t o r a g e ) .  
I n  c o n t r a s t ,  2 , s - d i m e t h y l p y r r o l e  caused  e q u a l l y  poor  JFTOT performance 
b e f o r e  and a f t e r  s t o r a g e .  

SUMMARY 

High t e m p e r a t u r e  t h e r m a l  s t a b i l i t y  and s t o r a g e  s t a b i l i t y  e x p e r i -  
ments  w e r e  conducted  u s i n g  Sha le - I  j e t  f u e l .  As b a s i c  n i t r o g e n  com- 
pounds are removed by a c i d  e x t r a c t i o n  from t h e  Shale- I  f u e l ,  JFTOT 
s t a b i l i t y  improves ( e s p e c i a l l y  f i l t e r  p r e s s u r e  d rop  pe r fo rmance ) .  A f t e r  
f o u r  weeks of  a c c e l e r a t e d  s t o r a g e ,  t h e  S h a l e - I  f u e l  c o n t a i n i n g  b a s i c  
n i t r o g e n  compounds formed more gums and p e r o x i d e s ,  and e x h i b i t e d  de- 
graded  JFTOT per formance .  The b a s i c  n i t r o g e n  compounds e x t r a c t e d  from 
t h e  Shale- I  f u e l  w e r e  c h a r a c t e r i z e d  by way of v a r i o u s  mass s p e c t r a l  
methods. Compounds s i m i l a r  t o  t h o s e  found i n  t h e  b a s i c  n i t r o g e n  f r a c -  
t i o n  were used a s  a d d i t i v e s  f o r  JFTOT and s t o r a g e  t e s t s  on a pe t ro leum 
f u e l  and n i t r o g e n - f r e e  S h a l e - I  f u e l s .  Both p y r i d i n e s  and p y r r o l e s  
ev idence  p a r t i c i p a t i o n  i n  u n s t a b l e  behav io r .  Much more work must be 
performed i n  o r d e r  t o  e s t a b l i s h  c lear  t r e n d s  and t o  deduce a d e t a i l e d  
mechanism of  f u e l  d e g r a d a t i o n .  
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S e r i e s  

'nH2n+lN 

CnH2n-3N 

CnH2n-5N 

CnH2n-7N 

'nH2n-gN 

'nH2n-11 N 

TABLE 11. F i e l d  I o n i z a t i o n  M a s s  Spectrum 
Base F r a c t i o n  from Sha le - I  JP-5 

Range of  R e  l a  t i v e  
"n" Values* Compounds Ion Count 

7 - 12- 1 4  P i p e r i d i n e s  1 0  

7 -  9 - 1 5  P y r r o l e s  28 

7 -  2 - 1 6  P y r i d i n e s  1000  

9 - 11- 16 Tetrahydro-  170  
q u i n o l i n e s  

8 - 12- 15 I n d o l e s  1 3  

9 - 2- 1 4  Q u i n o l i n e s  157  

* Under l ined  v a l u e  of "n"  i n d i c a t e s  components i n  l a r g e s t  amount. 

A TABLE 111. High Temperature S t a b i l i t y  of Jet F u e l s  

Organ ic  Ni t rogen ,  ppm Breakpo in t  Temperature,  OC 
F u e l  Type Acid E x t r a c t a b l e  T o t a l  Heater Tube (TOR) F i l t e r  

- S h a l e  O i l -  860 976 2 32 

838' 954c 2 4 4  2 2 7  
Jet  F u e l  

9 7c 213' 2 4 3  232 

5 0' 166' 251 2 4 1  

7c 123' 254 279 

D Pe t ro leum 
26OOC 

A d d i t i v e  Conc., ppm Max TDR LIP, nun 

4-&-buty lpyr id ine ,  56 1 20 
2-&-buty lpyr id ine ,  49 1 0  1 

5-ethyl-2-methylpyridine, 107 11 3 
4 -benzy lpyr id ine ,  56  7 2 

2-amino-3-methylpyridine, 134 45 1 4  

6 5 E  N,N-dimethylan i l ine ,  82 
p y r r o l e ,  1 0 0  32 Bypass 

A' MeasurEd u s i n g  A l c o r ,  I nc .  JFTOT a c c o r d i n g  t o  ASTM Standa rd  Method 
D-3241. ' Breakpo in t  i s  d e f i n e d  as the t empera tu re  of t e s t  a t  
which a maximum TDR of >17 i s  obse rved  o r  a p r e s s  re  d rop  of >25 mm 
Hg i s  a t t a i n e d  a c r o s s  t h e  i n - l i n e  JFTOT f i l t e r .  
e x t r a c t e d  w i t h  HC1,  washed, and t h e  i B o l a t e d  b a s i c  n i t r o g e n  compounds 
r e i n t r o d u c e d  t o  the  s h a l e  o i l  f u e l .  ' The pe t ro l eum d e r i v e d  j e t  
f u e l  had a b r e a k p o i n t  t empera tu re  o& 275OC and had n e g l i g i b l e  TDR 
o r  f i l t e r  p r e s s u r e  d r o p  a t  26OOC. ' P r e s s u r e  d rop  of  >25mm deve l -  
oped af ter  which t h e  t e s t  con t inued  f o r  s t a n d a r d  2 .5  h r .  p e r i o d  
w i t h  t h e  h o t  f u e l  bypass ing  t h e  f i l t e r .  

e' S h a l e  O i l  J P - 5  
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G C  ANALYSIS WITH NITROGEN SPECIFIC DETECTOR 

Fig. 1. Gas Chromatogram of Shale-I basic nitrogen compounds 
using a lOOm OV-101 WCOT column. 

7 

Fig. 2. Total Ion Chromatogram of Shale-I basic nitrogen fraction. 
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PYROLYSIS OF SWLE OIL RESIDUAL FRACTIONS 

Robert N. Hazlett, Erna Beal, Thomas Vetter, 
Richard Sonntag and F7illiam Moniz 

Naval Research Laboratory 
Washington, D. C. 20375 

INTRODUCTION 

JP-5, the Navy jet fuel, must meet many stringent requirements 
if satisfactory performance in aircraft and fuel handling and 
storage systems is to be attained (1). In considering JP-5 derived 
from alternate fossil fuels, several properties are affected more by 
the chemical characteristics of the fuel than by the physical pro- 
perties. The important specification requirements nay be primarily 
controlled by elemental composition, the amounts of each of the 
hydrocarbon classes - paraffin, naphthene, aromatic, olefin - or by 
specific chemical compounds. The three critical properties which 
are controlled by composition are (a) low temperature properties, 
(b) fuel stability, and (c) combustion behavior. 

LOW temperatore properties of concern are fuel freezing point 
and viscosity. The freezing point is the property of concern in this 
paper. Jet aircraft are exposed to low temperatures and the fuels 
must not interfere with flying operations by freezing and plugging 
filters. It has not been practical to make JP-5 from some petroleum 
crudes because the freezing point cannot be met along with the re- 
quired flash point. Dimitroff et al (2) examined the influence of 
composition on freezing point of several types of fuels. They found 
the saturate fraction of a fuel usually exerted the Freatest effect 
on freezing point but the aromatic fraction seemed to be important 
in some cases. 

NRL has related the freezing point of JP-5 type fuels to the 
n-alkane content, specifically n-hexadecane (1). This relationship 
applies to jet fuels derived from alternate fossil fuel resources, 
such as shale oil, coal, and tar sands, as well as those derived 
from alternate fossil energy sources such as shale oil, coal, and 
tar sands. In general, jet fuels from shale oil have the highest 
and those from coal the lowest E-alkane content. The origin of these 
p-alkanes in the amounts observed, especially in shale derived fuels, 
is not readily explained on the basis of literature information. 
Studies of the processes, particularly the ones involving thermal 
stress, used to produce these fuels are needed to define how the 
n-alkanes form from larger molecules which are cyclic or branched. 
The information developed will significantly contribute to the selec- 
tion of processes and refining techniques for future fuel production. 

PYROLYSIS MECHANISMS 

A large e-alkane breaks apart by a free radical mechanism to 
yield smaller hydrocarbons, both "alkanes and 1-olefins. This 
process, as originally diagnosed by Rise ( 3 1 ,  ultimately yields 
mostly small olefins with 2 to 4 carbon atoms. This behavior is 
encouraged by high temperatures and low pressures. At conditions 
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more typical of shale retorting and delayed coking, however, Fabuss- 
Smith-Satterfield ( 4 )  behavior occurs. In this situation, a single 
fragmentation step occurs and equal amounts of n-alkanes and olefins 
form. Further, the yield is about the same for hydrocarbons in the 
intermediate carbon range. Unbranched olefins formed in the pyroly- 
sis reactions readily convert to ?-alkanes by hydrogenation. 

Thus, formation of E-alkanes in the jet fuel distillation range 
can be explained if large :-alkanes are present in the crude oil 
source. Quantities of large ?-alkanes are insuffienct, however, to 
explain the amounts found - up to 37% n-alkanes in the jet fuel 
range (1). Other possible precursors to small straight chain mole- 
cules are substituted cyclic compounds. Attack in the side chain 
obviously affords a path to an p-alkane. 
esters, acids, amines, and ethers also have the potential to form 
:-alkanes if an unbranched alkyl chain is present in the molecule. 

Aromatic hydrocarbons, 

EXPERIMENTAL STUDIES 

Carbon-13 nmr studies indicate that oil shale rock contains many 
long unbranched straight chain hydrocarbon groups (5). The shale oil 
derived from the rock also gives indication of considerable straight 
chain material with large peaks at 14, 23, 30, and 32 ppm in the C-13 
nmr spectrum. 

Separation - A residue from Paraho shale oil was obtained by 
vacuum distillation at 40 torr to an end point of 300'. The residue 
was then separated on activated silicagel into a saturate fraction, 
an aromatic fraction, and a polar fraction. The saturate fraction 
was removed from the silica with 1-pentane solvent, then the aro- 
matic fraction was removed with a 25:75 benzene: n-pentane solvent. 
The polar fraction was desorbed with 25:75 benzene: methanol solvent. 
Although the polar fraction required methanol for desorption, it was 
only slightly soluble in methanol. It dissolved readily in benzene, 
however. The nitrogen content of various eluates was determined by 
Drushel's method (6) as an indication of the separation efficiency. 
The pentane eluant contained no nitrogen and the polar fraction 
(benzene:methanol) contained 97% of the recovered nitrogen. If 100% 
benzene was used to desorb the aromatic fraction, up to 20% of the 
nitrogen was found in the aromatic fraction. The nitrogen concen- 
tration in the separated fractions was 2.5% in the polar, 0.13% in 
the aromatic and less than 0.01 wt% in the saturate fraction. The 
input N concentration in the residue was 2 . 2  wt%. 

The distillation residue comprises 48% of the shale crude oil. 
On a chemical basis, the polar compounds comprise 71%, the saturates 
13% and the aromatics 16% of the recovered residue. Mass recovery 
from the separation was 85% but nitrogen recovery was much less, 70%. 
The material retained on the silicagel, consequently, appears to be 
highly polar and high in nitrogen. 

Carbon-13 nmr Analysis - Samples of the various fractions were 
submitted to analysis by C-13 nmr. The C-13 spectrum affords a 
distinct separation of the aromatic and aliphatic absorption regions 
plus a good resolution of many peaks due to specific molecular 
structure. Thus, a good amount of useful information can be obtained 
even for a complex mixture such as a fuel fraction. With respect to 
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the present study, the aliphatic region of the spectrum is of parti- 
cular importance. 

Quantitative analysis of the aliphatic region was attained by 
including a known amount of methanol in the sample as an internal 
standard. A long unbranched fragment will exhibit peaks at several 
Positions in the aliphatic region of the spectrum. The peak corres- 
ponding to the methyl end group (a-carbon) appears at 14 ppm with 
reference to tetramethlysilane at zero ppm. The CH group adjacent 
to the methyl group (B-carbon) absorbs at 23 ppm an3 subsequent 
absorptions appear at 32 and 29.5 ppm for the y -  and 6- carbons. 
Beyond this, all other CH2 groups in a long unbranched chain absorb 
at 30 ppm. Therefore, this latter peak would be quite large for a 
long chain. In fact, the ratio of the area of this peak to the 
a- 6 -  or y-peak can afford information on the average chain length 
of the unbranched fragment. 

the shale residue is shown in Figure 1. The distinctive peaks at 
14, 23, 3 2 ,  and 30  ppm demonstrate the presence of significant 
amounts of long unbranched groups in this fuel fraction. The 29.5 
peak appears as a shoulder on the 30 peak and these two peaks were 
integrated together. Quantitation of the spectral information using 
the methanol internal standard gives the data listed in Table I. As 
expected, the content of long unbranched alkyl groups is greatest for 
the saturate fractions. Further, the straight chain alkyl groups in 
the saturate fraction are longer on the average than those in the 
aromatic and polar fractions. We conclude that there is a definite 
potential for making ;-alkanes and 1-olefins in the jet fuel distil- 
lation range by cracking compounds found in the heavier shale oil 
cuts. 

A spectrum for the aliphatic region of the polar fraction from 

Pyrolysis - The residue fractions have been stressed at condi- 
tions corresponding to the petroleum refining process known as delayed 
coking ( 7 ) .  These conditions are about 450'C and 90 psi pressure. 
Each thermal stress was conducted in a 1/4 inch 0.d. 316 S . S .  tube 
fitted with a stainless steel valve via a Swagelok connection. The 
tube, with a weighed amount of sample (approximately 0.1 g), was 
attached to a vacuum system, cooled to -78OC, and pumped to remove 
air. The tube was then thawed and the cooling/pumping process re- 
peated. The tubes were heated by inserting them into 9/32 inch holes 
in a six inch diameter aluminum block fitted with a temperature 
controller. 

At the close of the heating period, the tubes were cooled to 
-78OC and the valve removed. 
benzene (50:50) was added to the tube which was then capped and warmed 
to room temperature. The solution and a subsequent rinse were trans- 
ferred to a screw cap vial which was then stored in a freezer until 
analysis. A weighed amount of toluene was added as an internal 
standard prior to analysis. 

A mixed solvent of E-pentane and 

The strssed samples were analyzed by two techniques, both based 
on gas chromatography. In the first, the solution with internal 
standard was injected into a 10 ft, 1/8 inch o.d., 5% OV-101 column 
which was programmed to 260°C at 12O/min after a 5.0 min initial hold 
at 60'C. The JP-5 cut was integrated as a single sum and compared to 
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t h e  i n t e r n a l  s t a n d a r d  t o  de te rmine  t h e  y i e l d  o f  JP-5 from t h e  pyro ly-  
sis experiment .  The i n i t i a l  g c  c u t  p o i n t  f o r  t h e  JP-5 was set  midway 
between E-octane and E-nonane and t h e  f i n a l  p o i n t  midway between 
n-hexadecane and n-heptadecane.  
Ehis p o r t i o n  of tt% a n a l y s i s ,  hence r e l i a b l e  i n t e g r a t i o n  w a s  o b t a i n e d .  

The g c  b a s e l i n e  d i d  n o t  rise d u r i n g  

T h e  second g c  t e c h n i q u e  determined t h e  i n d i v i d u a l  n-alkanes and 
A 100  m w a l l  coa ted-g lass  c a p i l -  1 -a lkenes  i n  t h e  pyro lyzed  sample. 

l a r y  gave t h e  r e q u i r e d  r e s o l u t i o n  and t h e  E-alkanes and 1-a lkenes  
s t o o d  o u t  as  d i s t i n c t ,  w e l l  r e s o l v e d  peaks .  OV-101 o r  OV-17 w a l l  
c o a t i n g s  provide  a d e q u a t e  s e p a r a t i o n .  A car r ie r  g a s  f low of one 
cc/min was combined w i t h  a n  i n l e t  s p l i t  r a t i o  o f  5 0 : l  and a 31OOC 
i n j e c t o r  t e m p e r a t u r e .  
4'/min a f t e r  a n  8.0 min i n i t i a l  hold a t  80°C. Peak i d e n t i f i c a t i o n  
was based on r e t e n t i o n  t i m e  matching w i t h  E-alkane and 1-a lkene  
s t a n d a r d s  . 

The column tempera ture  w a s  r a i s e d  t o  25OOC a t  

P y r o l y s i s  o f  the s a t u r a t e  f r a c t i o n  f o r  30 rnin a t  450'C gave t h e  
- n-alkane and 1 - a l k e n e  y i e l d s  shown i n  F i g .  2. The n-alkanes predomi- 
n a t e  over  t h e  1-a lkenes  a t  a l l  carbon numbers f o r  t E i s  sample. T h i s  
was g e n e r a l l y  t r u e  f o r  a l l  f r a c t i o n s  and a l l  stress t i m e s .  The 
1-alkenes w e r e  less s t a b l e  t h a n  t h e  n-alkanes and t h e  l a r g e r  a l k e n e s  
were very minor p r o d u c t s  f o r  stress t i m e s  60 min and l o n g e r .  F i g .  2 
i n d i c a t e s  t h a t  t h e  product  e x h i b i t s  a p l a t e a u  i n  t h e  10-14 carbon 
number r a n g e ,  a n  i n t e g r a l  p a r t  o f  t h e  JP-5 d i s t i l l a t i o n  r a n g e .  

The e f f e c t  o f  s t r e s s  t i m e  on y i e l d  i s  i l l u s t r a t e d  i n  F i g .  3 .  
The E-alkane + 1-a lkene  sum f o r  each carbon number i s  p l o t t e d .  For  a 
1 6  min stress t h e  y i e l d  f o r  carbon numbers 10  through 14 are a lmost  
i d e n t i c a l .  Consequent ly ,  one-step Fabuss-Smith-Satterfield p y r o l y s i s  
( 4 )  i s  c o n t r o l l i n g .  The t o t a l  y i e l d  i n c r e a s e s  a t  30 rnin b u t  t h e  
s h i f t  to  a maxima a t  C-10 i n d i c a t e s  product  i s  forming and undergoing 
secondary decomposi t ion .  T h i s  t r e n d  i s  ex tended  s i g n i f i c a n t l y  a t  
l o n g e r  t i m e s  such  as shown by t h e  60 rnin d a t a .  Here t h e  maximum i s  
o u t s i d e  t h e  JP-5 r a n g e  and t h e  y i e l d  of molecules  w i t h  16 o r  more 
carbons  i s  q u i t e  low. 

i n c r e a s e d  up t o  60 rnin stress t i m e ,  t h e n  r e v e r s e d  (F ig .  4 ) .  The 
y i e l d  of t h e  larger molecules  - 15 carbons  and above - w a s  d r a s t i c a l l y  
reduced a t  180 min. Even a t  16 min t h e  p r o d u c t s  o b t a i n e d  i n  l a r g e s t  
y i e l d  w e r e  on t h e  l o w  end o f  t h e  JP-5 d i s t i l l a t i o n  range .  T h i s  i s  
c o n s i s t e n t  w i t h  t h e  lower v a l u e  found by nmr f o r  t h e  average  un- 
branched a l k y l  c h a i n  l e n g t h .  The a romat ic  y i e l d  p a t t e r n  f e l l  between 
t h a t  fo r  t h e  sa tura te  and p o l a r  f r a c t i o n s .  

A summary o f  t h e  y i e l d  d a t a  f o r  a l l  f r a c t i o n s  s t r e s s e d  f o r  v a r i -  
o u s  t i m e s  a t  45OoC is p r e s e n t e d  i n  Table  11. The s a t u r a t e  f r a c t i o n  
a f f o r d s  t h e  h i g h e s t  y i e l d  o f  JP-5 b u t  t h e  o t h e r  f r a c t i o n s  g i v e  y i e l d s  
i n  e x c e s s  o f  2 0 %  a t  i n t e r m e d i a t e  stress t i m e s .  The p o l a r  f r a c t i o n  
r e q u i r e s  a l o n g e r  stress t i m e  to  a t t a i n  i t s  maximum y i e l d  of  JP-5. 

Table 11. 
y i e l d s  o f  p-a lkanes  and 1-alkenes f o r  carbon numbers 9 through 1 6 .  
This  t o t a l  was d i v i d e d  by t h e  JP-5 y i e l d  i n  t h e  l e f t  p o r t i o n  o f  
Table  I1 t o  g i v e  the p o t e n t i a l  E-alkane y i e l d .  

F o r  t h e  p o l a r  f r a c t i o n ,  the combined n-alkane + 1-alkene y i e l d  

The p o t e n t i a l  n-alkane y i e l d s  i n  the JP-5 c u t  a r e  a l s o  l i s t e d  i n  
These vazues  were o b t a i n e d  by summing t h e  c a p i l l a r y  gc  

The s a t u r a t e  f r a c t i o n  
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attained the highest potential E-alkane yield, 22.7% at 16 min stress. 
The aromatic and polar fractions also gave about 20% yields but these 
came with longer stresses. 
fractions fell off at longer stress times. 

The potential n-alkane yields for all 

DISCUSSION AND CONCLUSIONS 

The best yield of the JP-5 cut comes at different times for the 
Various fractions, but a time in the 60 to 120 min range would appear 
to be the optimum time for good yield at 450OC. The longer time 
would be preferred with respect to lower potential n-alkane yield. 

None of the fractions gave n-alkane yields approaching the 37% 
amount found in the Shale-1 JP-5-(1). A temperature different than 
the 45OOC used here might affect the conversion percentage. Further 
the combined saturate, aromatic, and polar fractions may interact 
under pyrolysis conditions to give higher potential 1-alkane yields 
than the fractions stressed independently. 
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TABLE I. Carbon-13 nmr Examinat ion  of 
S h a l e  O i l  R e s i d u a l  F r a c t i o n s  
I- 

W t .  % Carbon i n  W t .  % Unbranched Average Chain 
F r a c t i o n  A l i p h a t i c  Region A l k y l  Groups* Length* * 

S a t u r a t e  100  40 4 3  

A r o m a t i c  6 0  2 1  1 4 - 2 2  

P o l a r  5 6  3 0  20 

* Sum of areas of a b s o r p t i o n  p e a k s  a t  1 4 ,  2 3 ,  30, and 3 2  ppm. 

** F o r  unbranched  a l k y l  g r o u p s :  b a s e d  on  r a t i o  of 3 0  ppm peak area 
t o  a v e r a g e  of 1 4 ,  2 3 ,  and 3 2  peak  a r e a s .  

P r e c i s i o n :  2 1 0 %  

TABLE 11. P r o d u c t  Y i e l d *  

P y r o l y s i s  JP-5 Y i e l d  P o t e n t i a l  n - a l k a n e  Y i e l d  
Time (min) SAT. AROM. POLAR SAT. AROM . POLAR - - 

1 6  2 0 . 4  1 8 . 8  5 . 7  2 2 . 7  1 4 . 4  14 .7  

30 2 8 . 0  24 .4  11.9  2 0 . 8  1 9 . 4  20.8 

6 0  2 7 . 3  20.0 15.5 2 1 . 3  

1 2 0  - 12.0  2 2 . 5  - 15.1 1 2 . 8  

1 8 0  1 6 . 3  1 5 . 5  

* Y i e l d  i n  % ,  p o t e n t i a l  =-alkane y i e l d  i s  for JP-5 c u t ;  p y r o l y s i s  

- - 

- - - - 

t e m p e r a t u r e  - 45OOC. 
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SHELL PELLET HEAT EXCHANGE RETORTING - SPHER - AN ENERGY INTENSIVE, ENERGY EFFICIENT 
PROCESS FOR RETORTING OIL SHALE 
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D.E.  Hardesty 
G.L. Johnson 
G.P. Hinds,  JK .  

S h e l l  Development Company 
P.O. Box 1380 
Houston, Texas 77001 

INTRODUCTION 

O i l  s h a l e s  of pr imary i n t e r e s t  f o r  s u r f a c e  p r o c e s s i n g  Occur ma in ly  i n  t h e  
P iceance  Basin of wes te rn  Colorado. These s h a l e s  c o n t a i n ,  t y p i c a l l y ,  ten t o  2 0  
p e r c e n t  weight  of hydrocarbons r e c o v e r a b l e  by s imple  p y r o l y s i s .  

P r o c e s s  r e s e a r c h  and development i n  s h a l e  o i l  p r o d u c t i o n  h a s  gone on f o r  
decades ,  bu t  t h e  once p l e n t i f u l  supp ly  of l o w  c o s t  pe t ro l eum c r u d e s  made t h e  econ- 
omics  o f  such p r o c e s s e s  v e r y  un favorab le .  The r e c e n t  s h o r t a g e s  and c o s t  e s c a l a t i o n  
of petroleum c rudes  have renewed i n t e r e s t s  i n  "unconvent ional"  raw m a t e r i a l  s o u r c e s  
such a s  c o a l  and o i l  s h a l e .  

S e v e r a l  p r o c e s s e s  f o r  above ground r e t o r t i n g  of o i l  s h a l e ,  which have been 
under  development f o r  some t ime,  i n c l u d e  t h e  TOSCO-11, PARAHO, and Union technolo-  
g i e s . ' )  S h e l l  had p a r t i c u l a r  i n t e r e s t s  i n  t h e  f i r s t  two. The TOSCO (The O i l  S h a l e  
Company) p r o c e s s  u s e s  ho t  b a l l s  t o  h e a t  p rehea ted  s h a l e  i n  a r o t a r y  k i l n  t o  r e t o r t i n g  
t empera tu res .  The s h a l e  i s  p r e h e a t e d  d u r i n g  s t a g e d ,  pneumatic t r a n s p o r t  u s ing  f l u e  
g a s  from t h e  r e t o r t  b a l l  h e a t e r .  The PARAHO r e t o r t  i s  a v e r t i c a l  k i l n  employing a 
downward moving rock bed w i t h  upflowing r e c y c l e  gas  and combust ion p r o d u c t s  which 
sweep r e t o r t e d  hydrocarbons from t h e  v e s s e l .  The Union p r o c e s s  is s imi la r  bu t  
u t i l i z e s  an upward f low of c rushed  s h a l e .  Sha le  is in t roduced  a t  t h e  bot tom of t h e  
k i l n  and pushed upward by an  a i r  l o c k ,  mechanical  "rock pump". F l u i d i z e d  bed r e t o r t -  
i n g  of o i l  s h a l e  was proposed i n  t h e  e a r l y  f i f t i e s  b u t  was neve r  developed t o  a 
commercial  s t a t e .  

The TOSCO-I1 p r o c e s s  i s  c a p i t a l  i n t e n s i v e  because  i t  r e q u i r e s  a l a r g e  
volume o f  h e a t i n g  g a s e s  and mechan ica l ly  complex equipment;  t h e  PARAHO and Union 
p r o c e s s e s  a r e  a l s o  c a p i t a l  i n t e n s i v e  because  they  have long r e s i d e n c e  t ime  r e q u i r e -  
ments  t h a t  e n t a i l  massive hardware.  The PARAHO p r o c e s s  i s ,  however,  h e a t  e f f i c i e n t  
a s  a r e s u l t  o f  c o u n t e r c u r r e n t  s h a l e  and g a s  f lows .  But t h e  TOSCO p r o c e s s ,  a l t h o u g h  
hav ing  some degree  o f  h e a t  r ecove ry ,  u s e s  h e a t  r e l a t i v e l y  i n e f f i c i e n t l y .  

The purpose o f  t h i s  work was t o  deve lop  a new r e t o r t i n g  p r o c e s s  o f  r e l a -  
t i v e l y  low c a p i t a l  c o s t  t h a t  i s  mechan ica l ly  s imple ,  h i g h l y  r e l i a b l e ,  and u s e s  h e a t  
e f f i c i e n t l y .  
is a f l u i d i z a t i o n  bed p r o c e s s  conceived f o r  t h e  r e t o r t i n g  o f  o i l  s h a l e .  The f l u i d -  
i z a t i o n  mode r e f e r r e d  t o  i n  t h i s  d i s c u s s i o n  a p p l i e s  t o  a r a n e e  of s u p e r f i c i a l  g a s  
v e l o c i t i e s  between t h o s e  used f o r  r i s e r  t r a n s p o r t  and dense  bed o p e r a t i o n  i n  p rocess -  
es such as c a t a l y t i c  c r a c k i n g .  By t h i s  mode, s h a l e  can  be m a d e  t o  f low upward, 
c o u n t e r c u r r e n t l y  t o  l a r g e r  h e a t - c a r r i e r  p e l l e t s  t h a t  f a l l  t h rough  t h e  f l u i d i z e d  
mix tu re .  T h i s  coun te r f low of  h e a t - c a r r i e r  p e l l e t s  and r e l a t i v e l y  c o a r s e  s h a l e  
p a r t i c l e s  is t h e  b a s i c  i d e a  around which n o v e l ,  smal l  s i z e d ,  t h e r m a l l y  e f f i c i e n t  and 
economical ly  v i a b l e  p r o c e s s e s  have been conce ived .  
may have p o t e n t i a l  a p p l i c a b i l i t y  i n c l u d e  numerous c o a l s ,  l i g n i t e ,  wood and b a r k  
waste, a g r i c u l t u r a l  r e s i d u e s ,  b i o t r e a t e r  s l u d g e s ,  and i n d u s t r i a l  and mun ic ipa l  s o l i d  

The p r o c e s s ,  (') termed SPHER f o r  S h e l l  P e l l e t  Heat Exchange R e t o r t i n g ,  

O the r  f e e d s t o c k s  t o  which SPHLR 
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wastes. Some s p e c i f i c  p r o c e s s  d e s c r i p t i o n s ,  w i th  some v a r i a t i o n s ,  a r e  d i s c u s s e d  
below. 

B r i e f  D e s c r i p t i o n  of P r o c e s s  Applied t o  O i l  Sha le  

The SPHER p r o c e s s  as o r i g i n a l l y  conceived i s  shown s c h e m a t i c a l l y  i n  F igu re  
T h i s  c o n c e p t u a l  d e s i g n  produces 55,000 bb l /day  (7575 t / d ) *  of raw s h a l e  o i l  from 1. 

66,000 ton /day  (60,000 t / d )  of 35 g a l / t o n  ( 1 3 . 6 % ~ )  o i l  s h a l e .  I t  can be seen  t h a t  
t h e r e  a r e  two l o o p s  f o r  c i r c u l a t i o n  of h e a t  c a r r y i n g  b a l l s .  The c o o l  b a l l  loop 
c a r r i e s  h e a t  from t h e  h e a t  r ecove ry  column t o  t h e  p r e h e a t e r .  The h o t  b a l l  loop 
c a r r i e s  h e a t  from t h e  b a l l  h e a t e r  t o  t h e  r e t o r t .  

S h a l e  i s  crushed o r  ground to a f l u i d i z a b l e  s i z e ;  p r e f e r a b l y  a s  l a r g e  a s  
i s  compa t ib l e  w i t h  h e a t  t r a n s f e r  r equ i r emen t s  and r eady  s e p a r a t i o n  from hea t - ca r ry ing  
b a l l s .  I n i t i a l  work i n d i c a t e s  t h a t  1/16-inch (1.6 mm) minus s h a l e  and 1 / 4  (6  mm) O K  

5 /16  (8 mm) i n c h  b a l l s  a r e  d e s i r a b l e .  

The s h a l e  i s  p r e h e a t e d  i n  a f a s t - f l u i d i z e d  ( e n t r a i n i n g )  bed by o u t e r  l o o p ,  
h e a t - c a r r y i n g  b a l l s  t h a t  r a i n  through t h e  bed i n  c o u n t e r c u r r e n t  f a s h i o n  (F igu re  2 ) .  
With a i r  as t h e  f l u i d i z i n g  medium, p r e h e a t i n g  i s  l i m i t e d  t o  abou t  600°F (315OC) be- 
c a u s e  t h e r e  is  dange r  from a u t o - i g n i t i o n ,  which is t i m e ,  t empera tu re ,  and oxygen 
dependent .  3, 
(343'C) by t h e  o n s e t  of ke rogen  p y r o l y s i s .  

With o t h e r  nonox id iz ing  g a s e s ,  p r e h e a t i n g  i s  l i m i t e d  t o  abou t  650'F 

I n  a dense-phase f l u i d i z e d  bed t h e  p rehea ted  s h a l e  i s  f u r t h e r  hea ted  t o  and  
h e l d  a t  t h e  r e t o r t i n g  t e m p e r a t u r e  f o r  s u f f i c i e n t  t ime  t o  complete  t h e  p y r o l y s i s  re- 
a c t i o n s  ( F i g u r e  3 ) .  The t o t a l  i n v e n t o r y  of s h a l e  i n  t h e  r e t o r t i n g  v e s s e l  i s  d e t e r -  
mined by t h e  r e q u i r e d  r e s i d e n c e  t ime f o r  complete  kerogen conve r s ion  and t h e  s h a l e  
th roughpu t .  The r e t o r t  h e a t  r equ i r emen t s  a r e  s u p p l i e d  by ceramic b a l l s  which c i r -  
c u l a t e  i n  t h e  i n n e r  l o o p .  They a r e  r ehea ted  i n  a s e p a r a t e  v e s s e l  which may o p e r a t e  
as a moving bed,  r a i n i n g  p e l l e t  bed,  o r  e n t r a i n e d  f low h e a t e r .  

The s p e n t  s h a l e  i s  coo led  i n  a f a s t - f l u i d i z e d  bed by t h e  r e c i r c u l a t e d  c o o l  
p e l l e t s  f r o m  t h e  p r e h e a t e r .  I n  t h i s  manner,  c o u n t e r c u r r e n t  f l ow o f  h e a t  c a r r i e r s  
and t h e  s h a l e  a s s u r e s  e f f i c i e n t  energy u t i l i z a t i o n .  T h i s  c h a r a c t e r i s t i c  is a pr ime 
advan tage  of t h e  p r o c e s s .  

Most c o n d i t i o n s  and f e a t u r e s  o f  t h e  c o n c e p t u a l  p r o c e s s  a r e  chosen t o  a s -  
sure h igh  th roughpu t s  ( s m a l l  equipment) and hence r e l a t i v e l y  low c a p i t a l  and f i x e d  
c o s t s .  These i n c l u d e  t h e  c h o i c e  of f l o w  reg imes ,  h e a t  c a r r i e r s  ( d e n s i t y  and h e a t  
c a p a c i t y )  and t h e  s o l i d s - t o - g a s  weight  r a t i o s .  A t t endan t  f e a t u r e s  0:  t h e  p r o c e s s ,  
such as b a f f l e  d e s i g n  and g a s  r o u t i n g ,  a r e  chosen t o  a c h i e v e  o p e r a b i l i t y  and optimum 
ope ra  t i o n .  

S e g r e g a t i o n  of  t h e  two b a l l  l o o p s  p e r m i t s  t h e  t a i l o r i n g  of t h e  b a l l  mate- 
r i a l ,  shape and s i z e  t o  each  s p e c i f i c  t a s k .  C i r c u l a t i o n  o f  b a l l s  i n  t h e  o u t e r  l o o p  
is a r e l a t i v e l y  low t e m p e r a t u r e  o p e r a t i o n  and i s  d e d i c a t e d  to  h e a t  t r a n s f e r .  There-  
f o r e ,  d e s i r e d  b a l l  p r o p e r t i e s  i n c l u d e  h i g h  h e a t  c a p a c i t y ,  small s i z e  o r  l a r g e  h e a t  
t r a n s f e r  s u r f a c e ,  e r o s i o n  r e s i s t a n c e ,  and low c o s t .  Hence, a pea g r a v e l  may be 
s u i t a b l e .  
h e a t  r ecove ry  s e c t i o n .  The u s e  o r  the s m a l l e s t  b a l l s  s e p a r a b l e  from t h e  s h a l e  i n -  
c r e a s e s  h e a t  t r a n s f e r  and r educes  t h e  s i z e  o f  t h e  exchange v e s s e l  r e q u i r e d .  

Cor ros ion  r e s i s t a n c e  may n o t  b e  needed u n l e s s  condensa t ion  o c c u r s  i n  t h e  

In c o n t r a s t ,  c i r c u l a t i o n  o f  b a l l s  i n  t h e  i n n e r  loop i n v o l v e s  t h e  b a l l  
h e a t e r  and r e t o r t  where h igh  t e m p e r a t u r e s  and l o n g e r  r e s i d e n c e  t imes a r e  r e q u i r e d .  
React ion r a t e  r a t h e r  t h a n  h e a t  t r a n s f e r  i s  expec ted  t o  b e  t h e  c o n t r o l l i n g  f a c t o r  i n  
t h e  r e t o r t  d e s i g n .  In  o r d e r  t o  ach ieve  t h e  r e s i d e n c e  t ime  needed f o r  h igh  conversion 

*ton=2300 pounds,  t = m e t r i c  ton= 1000kg. 
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a pseudo plug-f low d e v i c e  such  a s  a r o t a r y  k i l n  o r  a s t a g e d ,  dense-phase f l u i d i z e d  
bed may b e  d e s i r a b l e .  S i n c e  h e a t  t r a n s f e r  is n o t  c o n t r o l l i n g ,  t h e  b a l l s  can b e  
l a r g e r  f o r  e a s i e r  s e p a r a t i o n  from s h a l e  b u t  t hey  must s t i l l  be s m a l l  enough t o  per-  
m i t  pneumatic  t r a n s p o r t .  
shock,  chemical  a t t a c k  by t h e  h o t  g a s e s  and s p e n t  s h a l e  and exposure t o  h igh  
t empera tu res .  Thus, t h e  c h o i c e  of t h e  i n n e r  l o o p  b a l l s  i s  l i m i t e d  t o  materials 
such a s  ceramics .  

D e t a i l e d  P rocess  D e s c r i p t i o n  

These i n n e r  l o o p  b a l l s  must a l s o  b e  r e s i s t a n t  t o  the rma l  

A more p r o c e s s  o r i e n t e d  schemat i c  of t h e  p r o c e s s  i s  shown i n  F i g u r e  4 .  

Sha le  Feed P r e p a r a t i o n  

Sha le  p r e p a r a t i o n  f o r  SPHER r e q u i r e s  more energy than  i t  does  f o r  p rocess -  
es such a s  TOSCO-I1 i n  t h a t  t h e  l a r g e r  c rushed  s h a l e  used i n  TOSCO-11, e . g . ,  1 / 2 -  
i n c h  (13mm) minus,  must b e  reduced t o  a r e a d i l y  f l u i d i z a b l e  s i z e ,  e . g .  1 /16 - inch  
(1.6mm) minus,  f o r  u s e  i n  SPHER. Gr ind ing  by s e p a r a t i n g  and r e c y c l i n g  c o a r s e  s h a l e  
i s  expected t o  produce a b e t t e r  s i z e  r ange  w i t h  less f i n e s  than  once-through g r ind -  
i n g  i s  f o r  t h e  same maximum p a r t i c l e  s i z e .  S e p a r a t i o n  of s h a l e  wi th  t h e  d e s i r e d  s i z e  
from o v e r s i z e d  m a t e r i a l  may be accomplished by e l u t r i a t i o n  wi th  gas  o r  by s c r e e n i n g .  
The recovered c o a r s e  s h a l e  is conveyed back t o  t h e  g r i n d e r .  Sha le  w i t h  t h e  d e s i r e d  
top  s i z e  may then  be pneumat i ca l ly  t r a n s p o r t e d  t o  a f e e d  hopper o r  s t a n d p i p e .  

P r e h e a t e r  

F i g u r e  2 is a schemat i c  of t h e  p r e h e a t  s e c t i o n .  

Ground raw s h a l e  is al lowed t o  s l i d e  i n t o  o r  i s  pneumat i ca l ly  t r a n s p o r t e d  
( a  minimal volume f low)  i n t o  t h e  lower p a r t  of t h e  p r e h e a t e r .  A s t a n d p i p e  of s h a l e  
s e r v e s  as a r e s i s t a n c e  s e a l  t o  pu rg ing  g a s  and a l l o w s  t h e  p r e h e a t e r  t o  b e  p r e s s u r -  
i z e d  by t r a n s p o r t i n g  gas .  Although a s l i d e  v a l v e  n e a r  t h e  bot tom of t h e  s t a n d p i p e  
should p rov ide  adequa te  f low c o n t r o l  f o r  t h e  s h a l e ,  a f l a p p e r  v a l v e ,  screw f e e d e r ,  
o r  r o t a r y  l o c k  may b e  cons ide red  a s  o p t i o n s .  

The s h a l e  i s  c a r r i e d  up,  c o u n t e r c u r r e n t  t o  t h e  r a i n i n g  p e l l e t s ,  a s  a fas t -  
f l u i d i z e d  bed bv compressed g a s  ( a i r  o r  m i x t u r e s  of a i r  and f l u e  g a s  o r  r e c y c l e  
p r o c e s s  g a s ) .  The p rehea ted  s h a l e  i s  t h e n  r ecove red  a t  t h e  top of t h e  p r e h e a t e r  i n  
h i g h - e f f i c i e n c y ,  high-load c y c l o n e s .  Extremely f i n e  d u s t  may b e  c a r r i e d  by e l u t r i a -  
t i o n  t o  t h e  b a l l  h e a t e r  when a i r  o r  a i r  c o n t a i n i n g  m i x t u r e s  a r e  used f o r  conveying.  
Thus, t h e  energy c o n t e n t  of even t h e  f i n e s t  s h a l e  d u s t  can be r ecove red  w i t h o u t  r f -  
q u i r i n g  expensive d u s t - c o n t r o l  equipment d u r ~ n g  t h e  p r e p a r a t i o n  of s h a l e  f o r  r e t o r t -  
i n g .  A s  conce ived ,  t h e  u s e  of s t andp iDes  and p rope r  r o u t i n g  g a s  s t r e a m s  r educes  the  
necessa ry  number of a i r  and g a s  compressors  and a l s o  a i d s  i n  h e a t  r e c o v e r y .  I n  t h i s  
f a s h i o n ,  p r e s s u r e  b a l a n c e  a c r o s s  t h e  whole system is ach ieved  w i t h  s u f f i c i e n t  e x t r a  
p r e s s u r e  d i f f e r e n t i a l  a v a i l a b l e  f o r  p r o c e s s  c o n t r o l .  

Warm (%625'F, -330'C) b a l l s ,  pneumat i ca l ly  t r a n s p o r t e d  from t h e  h e a t  recovery 
s e c t i o n ,  a r e  r ecove red  a t  t h e  t o p  of t h e  p r e h e a t e r  by a c y c l o n i c  s e p a r a t o r  i n t o  a 
s u r g e  hopper .  From t h e  hopper  t h e y  a r e  admi t t ed  i n  c o n t r o l l e d  f low t o  t h e  upper  
p a r t  of t h e  p r e h e a t e r  through a n  a p p r o p r i a t e  c o n t r o l  v a l v e  and s t eam purge  system. 
A c o n i c a l  ( o r  o t h e r  shaped)  d e f l e c t o r  i s  d e s i r a b l e  t o  d i s p e r s e  t h e  b a l l  s t r e a m  
un i fo rmly .  Balls f a l l  under  t h e  i n f l u e n c e  of g r a v i t y  a g a i n s t  t h e  r i s i n g  s t r e a m  of 
f a s t - f l u i d i z e d  s h a l e .  The r ange  of c o n d i t i o n s  under  which c o u n t e r c u r r e n t  f l ow will 
e x i s t  i s  be ing  s t u d i e d .  The smallest b a l l s ,  i . e . ,  t h o s e  w i t h  t h e  h i g h e s t  s u r f a c e -  
to-volume r a t i o ,  t h a t  w i l l  f a l l  s u f f i c i e n t l y  f a s t  through t h e  p r e h e a t e r  a t  an  econ- 
omical  s h a l e  mass f l u x  are  d e s i r a b l e  f o r  e f f e c t i v e  h e a t  exchange. 

Balls c o l l e c t i n g  a t  t h e  bot tom o f  t h e  p r e h e a t e r  i n  an  a p p r o p r i a t e l y  d i -  
mensioned boot  a r e  s t r i p p e d  of s h a l e  p a r t i c l e s  by e l u t r i a t i n g  gas .  Under i d e a l  
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c o n d i t i o n s ,  t h e  l a r g e s t  s h a l e  p a r t i c l e s  t h a t  can b e  r e a d i l y  e l u t r i a t e d  from between 
t h e  p e l l e t s  a r e  abou t  h a l f  t h e  s i z e  of t h e  p e l l e t s .  I n  p r a c t i c e  t h e  s e p a r a t i o n  i s  
more e f f i c i e n t  when t h e  b a l l l s h a l e  s i z e  r a t i o  i s  4 - 5 .  
i n t o  a t r a n s p o r t  l i n e  where they  a r e  pneumat i ca l ly  conveyed t o  t h e  s h a l e  h e a t  r e -  
covery s e c t i o n .  

Balls d rop  by c o n t r o l l e d  f low 

The c o u n t e r c u r r e n t  raining-ball/fast-fluidized f low regime must be ope ra t ed  
so t h a t  s t a g i n g  is e f f e c t e d ,  i . e . ,  backnixing must be e f f e c t i v e l y  r e t a r d e d .  Tenper- 
a t u r e  approaches were i n i t i a l l y  assumed t o  be 75°F (42'C) a t  t h e  t o p  and 50°F (28°C) 
a t  t h e  bot tom of t h e  p r e h e a t  v e s s e l .  Any i n c r e a s e  i n  holdup of t h e  b a l l s  i n  c o n t a c t  
w i th  s h a l e  v l i l l  r educe  t h e  h e i g h t  of v e s s e l  r e q u i r e d .  
of b a l l s  a r e  bo th  accomplished by a sys t em of b a f f l e s  a n d / o r  g r i d  p l a t e s .  With such 
d e s i g n s  i t  is  i m o o r t a n t  t o  avo id  dead h o t  s p o t s  v h e r e  s h a l e  might  accumulate  because 
spontaneous i g n i t i o n  o f  s h a l e  might  occur  i f  a i r  i s  used a s  t h e  t r a n s p o r t i n g  gas .  

Inc reased  s t a g i n g  and holdup 

Due t o  v a p o r i z a t i o n  of wa te r  i n  t h e  p r e h e a t e r  i t  may be d e s i r a b l e  t o  in -  
c r e a s e  t h e  d i a m e t e r  o f  t h e  p r e h e a t e r  w i t h  i n c r e a s i n g  h e i g h t  t o  m a i n t a i n  r e l a t i v e l y  
c o n s t a n t  f l ow c o n d i t i o n s .  A t  proposed p r e h e a t e r  t e m p e r a t u r e s ,  t h e  s h o r t  r e s idence  
t i m e  i n  t h e  p r e h e a t e r  shou ld  a l l o w  a i r  t o  be used a s  a t r a n s p o r t i n g  gas  wi thou t  spon- 
taneous i g n i t i o n  and w i t h  l i t t l e  s h a l e  d e g r a d a t i o n  and y i e l d  l o s s .  D i l u t i o n  of 
t r a n s p o r t  a i r  w i t h  f l u e  g a s  may be used t o  pe rmi t  a h i g h e r  p r e h e a t i n g  t empera tu re  
wi thou t  i g n i t i o n .  The u s e  of a i r  as t h e  e n t r a i n i n g  gas  i n  t h e  p r e h e a t e r  pe rmi t s  t h e  
f i n e s t  o i l  s h a l e  d u s t  and any p rema tu re ly  evolved hydroca rbons  t o  b e  economical ly  
burned i n  t h e  b a l l  h e a t e r .  Thus, combustion a i r  i s  a l s o  p rehea ted  i n  t h e  s h a l e  
p r e h e a t e r .  By o p e r a t i n g  t h e  p r e h e a t e r  i n  coun te r f low w i t h  a t empera tu re  approach of 
- <100"F (55"C),  o v e r h e a t i n g  of s m a l l  p a r t i c l e s  i s  a v o i d e d .  

R e t o r t  

F i g u r e  3 d e p i c t s  t h e  r e t o r t  s e c t i o n  of t h e  r a i n i n g  p e l l e t  p rocess .  

Sha le  e n t r a i n e d  from t h e  p r e h e a t e r  i s  f ed  t o  t h e  l o v e r  p o r t i o n  of t h e  r e -  
t o r t  through a h igh - load ,  h i g h - e f f i c i e n c y  s e p a r a t o r  and s u r g e  hopper  !:!ith a e r a t i o n ) .  
T h e  s h a l e  f eed  r a t e  to t h e  r e t o r t  is c o n t r o l l e d  i n  t h e  same way a s  i t  is t o  t h e  
p r e h e a t e r .  

Steam o r  g a s  i n j e c t i o n  is r e q u i r e d  a t  t h e  bottom of t h e  r e t o r t  t o  s t a r t  
t h e  f l u i d i z a t i o n .  However, some o r  a l l  of  t h i s  g a s  may be f i r s t  used i n  t h e  b a l l  
s t r i p p i n g  s e c t i o n .  Vapor e m i t t e d  by r e t o r t i n g  adds  g r e a t l y  t o  t h e  v o l u m e t r i c  flow 
of f l u i d i z i n g  g a s  as i t  r i s e s  up through t h e  r e t o r t .  The v e s s e l  c r o s s - s e c t i o n  i s  
i n c r e a s e d  a c c o r d i n g l y  t o  m a i n t a i n  c o n s t a n t  c o n d i t i o n s  f o r  t h e  dense  f l u i d i z e d  bed. 

Rot h e a t  c a r r y i n g  b a l l s  ( a t  abou t  1400°F, 760OC) are added t o  t h e  top  of 
t h e  r e t o r t  i n  t h e  same manner a s  they  a r e  t o  t h e  p r e h e a t e r ,  b u t  i n  s e p a r a t e  s t r eams  
t o  d i f f e r e n t  l e v e l s  i n  t h e  r e t o r t .  T h i s  a v o i d s  o v e r h e a t i n g  (and c r a c k i n g )  a t  t h e  
top o f  t h e  r e t o r t .  The b a l l  d i a m e t e r s  shou ld  be abou t  l / 4 - i n c h  (6mm) t o  a s s u r e  a 
r e a s o n a b l e  f a l l  v e l o c i t y  (0.25 f p s ,  0.08m/s) t h rough  t h e  dense-phase f l u i d i z e d  bed 
o f  s h a l e .  

The b a l l s  c o l l e c t  i n  a boot  a t  t h e  bot tom o f  t h e  r e t o r t  and a r e  s t r i p p e d  
Of s h a l e  f i nes  i n  a n  e l u t r i a t i n g  s e c t i o n .  Supe rhea ted  s t eam (1200°F, 650OC) pro- 
v i d e s  bo th  t h e  s t r i p p i n g  a c t i o n  and t h e  f e e d  s h a l e  f l u i d i z i n g  a c t i o n .  The cooled 
b a l l s  (900"F, 480°C) a re  t h e n  r e c i - r c u l a t e d  pneumat i ca l ly  t o  t h e  b a l l  h e a t e r  f o r  
r e h e a t i n g .  A i r  f o r  t h e  b a l l  l i f t  i s  combined w i t h  a i r  from t h e  p r e h e a t e r  cyc lones  
and w i t h  a t h i r d  a i r l f u e l - g a s  s t r e a m  t o  p r o v i d e  t h e  d e s i r e d  f u e l  m i x t u r e  f o r  t h e  
b a l l  h e a t e r .  

P rocessed  s h a l e  is  removed a t  t h e  t o p  of t h e  r e t o r t .  A c i r c u m f e r e n t i a l  
w e i r  i s  provided t o  m a i n t a i n  a c o n s t a n t  bed h e i g h t  i n  t h e  upper  s t a g e .  E n t r a i n e d  
s h a l e  p a r t i c l e s  are removed from t h e  p roduc t  vapor  by h i g h - e f f i c i e n c y  cyc lones  
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l o c a t e d  i n  t h e  vapor  disengagement  s e c t i o n .  The dimensions of t h i s  t op  s e c t i o n  a r e ,  
i n  f a c t ,  determined by t h e  cyc lone  c o n f i g u r a t i o n .  Superheated s team (1200°F, 650'C) 
is i n j e c t e d  i n  an  e f f o r t  t o  e l i m i n a t e  condensa t ion  cok ing  i n  t h e  vapor  s e c t i o n .  

Adsorbed and e n t r a i n e d  vapor s  a r e  removed from t h e  r e t o r t e d  s h a l e  by s t eam 
i n  t h e  s p e n t  s h a l e  s t r i p p e r .  
The overhead p roduc t s  from t h e  s p e n t  s h a l e  s t r i p p e r  a r e  combined w i t h  t h e  r e t o r t  
vapor s  and a r e  f u r t h e r  supe rhea ted  w i t h  s t eam t o  r educe  condensa t ion  coking and 
quenched wi th  f r a c t i o n a t o r  bottoms i n  a quench tower.  

S t r i p p e d  s h a l e  i s  s e n t  t o  t h e  h e a t  r ecove ry  s e c t i o n .  

S t a g i n g  o f  t h e  r e t o r t  can r educe  t h e  a v e r a g e  r e s i d e n c e  t ime  r e q u i r e d  f o r  
a g iven  hydrocarbon y i e l d .  
h o r i z o n t a l  g r i d s  spaced ,  f o r  example,  a t  t en - foo t  i n t e r v a l s  of h e i g h t .  However, s i n c e  
s t a g i n g  may a l s o  i n t r o d u c e  an unwanted t empera tu re  g r a d i e n t  a c r o s s  t h e  r e t o r t ,  a s ing le -  
s t a g e  d e s i g n  may be f avored .  

T h i s  s t a g i n g  cou ld  be ach ieved  by add ing  r e s t r i c t i v e  

P y r o l y s i s  d a t a  i n d i c a t e  t h a t  a r e l a t i v e l y  long ( s e v e r a l  minu te s )  r e s i d e n c e  
i lence,  h e a t  t r a n s f e r  is no t  l i m i t i n g  t ime  i s  r e q u i r e d  f o r  t h e  r e t o r t i n g  r e a c t i o n 4 ) .  

i n  t h e  r e t o r t  and l a r g e r  b a l l s  w i th  a lower  surface- to-volume r a t i o  may be used.  
La rge r  b a l l s  a r e  d e s i r a b l e  because,  i n t e r  a l i a ,  t h e i r  manufac tu r ing  c o s t  i s  l e s s .  
The maximum b a l l  d i ame te r  is  l i m i t e d  by t h e  a b i l i t y  t o  t r a n s p o r t  them pneumat i ca l ly  
and by t h e i r  s e t t l i n g  v e l o c i t y  through t h e  f l u i d i z e d  bed of s h a l e .  Thermal shock 
could a l s o  be a f a c t o r  t h a t  l i m i t s  b a l l  s i z e ,  About 1 /4 - inch  (6mm) d i a m e t e r  b a l l s  
may be a good compromise on s i z e ,  as mentioned above.  

Bal l  Heater  

The b a l l  h e a t e r  can be a moving bed ,  a r a i n i n g  p e l l e t  o r  a n  e n t r a i n e d  f low 
d e s i g n .  P rehea ted  a i r  from t h e  b a l l  l i f t  p i p e  p l u s  a i r  from t h e  p r e h e a t e r  and sup- 
p l emen ta l  a i r  and f u e l  form t h e  combust ion m i x t u r e  used t o  h e a t  t h e  b a l l s .  B a l l  
h e a t e r  f l u e  g a s  is r o u t e d  p a r t l y  t o  a was te  h e a t  b o i l e r  t o  r ecove r  ene rgy  i n  t h e  form 
of h igh -p res su re  s t eam and p a r t l y  t o  o t h e r  v e s s e l s  i n  t h e  p r o c e s s  t o  s e r v e  as a t r a n s -  
p o r t  gas .  Cooled g a s e s  a r e  then  scrubbed t o  remove bo th  p a r t i c u l a t e s  and any s u l f u r  
o x i d e s .  The p a r t i c u l a t e  s h a l e  d u s t  n a t u r a l l y  a b s o r b s  s u l f u r  o x i d e s  i n  t h e  wet 
s c rubbe r .  E x i t i n z  h o t  b a l l s  r e t u r n  t o  t h e  r e t o r t  through s e v e r a l  f e e d  s t a n d p i p e s .  

Heat Recovery 

The hea t  r ecove ry  s e c t i o n  i s  s i m i l a r  t o  t h e  p r e h e a t  s e c t i o n s .  

F a s t - f l u i d i z e d  r e t o r t e d  s h a l e  i s  coo led  from 990°F (482°C) to about  175'F 
(79'12) by c o n t a c t i n g  i t  c o u n t e r c u r r e n t l y  w i t h  b a l l s  from t h e  p r e h e a t  s e c t i o n .  S ince  
t h e  conveying ( f l u e )  g a s  i s  cooled and c o n t r a c t s  as i t  r i s e s ,  i t  may b e  d e s i r a b l e  t o  
r educe  t h e  v e s s e l  s i z e  a c c o r d i n g l y  i n  t h e  upper  p o r t i o n  t o  m a i n t a i n  t h e  d e s i r e d  f l o w  
ra te  of gas .  

E l u t r i a t e d  coo led  s h a l e  is s e p a r a t e d  i n  a h i g h - e f f i c i e n c y  s e p a r a t o r  and 
r o u t e d  t o  a m o i s t u r i z e r  i n  p r e p a r a t i o n  f o r  d i s p o s a l .  Gas from t h e  h e a t  r ecove ry  
u n i t  i s  wa te r  washed i n  a v e n t u r i  s c r u b b e r  and e x c e s s  wa te r  from t h e  s c r u b b e r  i s  used 
i n  t h e  m o i s t u r i z e r .  L i t t l e  wa te r  vapor  i s  g e n e r a t e d  i n  sc rubb ing  t h e  g a s  and w e t t i n g  
t h e  s p e n t  s h a l e  because  t h e  o u t l e t  t e m p e r a t u r e  of t h e  h e a t  r ecove ry  u n i t  is low 
(175'F, 79OC). Water u sage  i n  t h e  SPHCR p r o c e s s  i s ,  t h e r e f o r e ,  d e s i r a b l y  low. 

Problem Areas 

S ince  SPHER r e p r e s e n t s  t h e  a p p l i c a t i o n  o f  new regimes of f l u i d i z a t i o n  t o  
s h a l e  r e t o r t i n g ,  t h e r e  a r e  a number of q u e s t i o n s  t h a t  must be answered and f a c t o r s  
t h a t  must be q u a n t i f i e d .  Some have been answered by s imple  expe r imen t s ,  t h e  r e s u l t s  
of which would i n d i c a t e  e i t h e r  a "go" or  a "no go" on f u t u r e  work, and some f a c t o r s  

6 3  



w i l l  e v e n t u a l l y  r e q u i r e  demons t r a t ion  p l a n t  o p e r a t i o n  under  d e s i g n  c o n d i t i o n s  t o  
prove t h e  p r o c e s s .  F a c t o r s  of pr imary concern a r e  d i s c u s s e d  below. 

Heat T r a n s f e r  R a t e s  

P r o c e s s  e v a l u a t i o n s  have used a r a t e  c o e f f i c i e n t  of 90 Btu/sq f t / h r  OF 
(0.51 kw/m2/"C), based upon t h e  s u r f a c e  area of t h e  b a l l s .  
f e r  from f l u i d i z e d  beds  t o  submerged o b j e c t s  i n d i c a t e  t h a t  even h i g h e r  rates have 
been achieved,  b u t  t h e s e  h i g h  rates a r e  f u n c t i o n s  of bed d e n s i t y  and t h e  s i z e  of t h e  
f l u i d i z e d  p a r t i c l e s .  
f i n a l  e v a l u a t i o n s  and d e s i g n s .  

L i t e r a t u r e  d a t a  on t r a n s -  

Da ta  d i r e c t l y  a p p l i c a b l e  t o  t h e  SPHER system a r e  r e q u i r e d  f o r  

Flow Regimes 

The c o u n t e r c u r r e n t  f low of p e l l e t s  r e l a t i v e  t o  t h e  f a s t - f l u i d i z e d  s h a l e  and 
i t s  f l u i d i z i n g  g a s  s u g g e s t s  t h e  e x i s t e n c e  of l i m i t i n g  o r  f l o o d i n g  v e l o c i t i e s .  The 
impingement of s h a l e  p a r t i c l e s  upon p e l l e t s  (knockback e f f e c t )  r e t a r d s  t h e  upward 
f low of s h a l e  as w e l l  a s  t h e  f a l l  of t h e  p e l l e t s .  The s i z e  o f  t h e  e f f e c t  is d i f f e r -  
e n t  i n  dense-bed and f a s t - f l u i d i z e d  regimes.  I n  dense  beds ,  t h e  f a l l i n g  v e l o c i t y  of 
p e l l e t s  w i l l  be  about  1 / 4  f p s  (0.08 m / s )  w h i l e  i n  the  f a s t - f l u i d i z e d  bed t h e  f a l l i n g  
v e l o c i t y  i s  expec ted  t o  be l a r g e r .  
e q u a t i o n s  must b e  d e f i n e d .  These phenomena have been i n v e s t i g a t e d  on t h e  7-1/2-inch 
(19 cm) d i ame te r  co ld - f low u n i t .  
and b a l l  f l u x  r a t e  of 15 l b / s e c / f t 2  ( 7 3  kg/sec/m2) were achieved a t  s u p e r f i c i a l  gas  
v e l o c i t i e s  of 1 5  t o  20 f t / s e c  (4 .6  t o  6 . 1  m/s ) .  

O p e r a t i o n a l  windows and p r e s s u r e  drop/holdup 

Sha le  f l u x  rates of 10 l b / s e c / f t 2  (49 kg/sec/m2) 

S t a g i n g  

E f f i c i e n t  u s e  of  h e a t  and,  t o  a l e s s e r  e x t e n t  r e t o r t i n g  y i e l d ,  r e q u i r e  some 
c o u n t e r c u r r e n t  s t a g i n g  t o  a c h i e v e  t h e  ecomonic advan tages  expec ted  f o r  t h e  SPHED 
p r o c e s s .  About s i x  s t a g e s  a r e  d e s i r e d  f o r  t h e  p r e h e a t e r ,  f o u r  i n  t h e  h e a t  rect-very 
s e c t i o n  and two or t h r e e  s t a g e s  may be d e s i r e d  i n  t h e  r e t o r t .  

Gas - f lu id i zed  beds  a r e  b a s i c a l l y  u n s t a b l e  and they  t end  t o  have a h igh  de- 
g r e e  of backmixing due t o  c i r c u l a t i o n  p a t t e r n s  caused by r i s i n g  g a s  b u b b l e s .  Beds 
w i t h  a l a r g e  he igh t - to -d iame te r  r a t i o  (L/D) t end  t o  r e s t r i c t  t h i s  c i r c u l a t i o n  and 
i n c r e a s e  t h e  s t a g i n g  o f  f l u i d i z e d  s o l i d s .  Fo r  example,  t h e  S h e l l ' s  Anacor t e s  CCU 
r e g e n e r a t o r  (L/D 2 .5)  pe r fo rms  wi th  about  f o u r  s o l i d s  mixing s t a g e s .  

Pneumatic l i f t  p i p e s  ( r i s e r s )  f o r  s o l i d s  do n o t  e x h i b i t  l a r g e  eddy mixing 
c u r r e n t s  bu t  t hey  do h a v e  r a d i a l  v e l o c i t y  p r o f i l e s  t h a t  peak toward t h e  c e n t e r  of 
t h e  p i p e .  I t  i s  even p o s s i b l e  ( a t  lower v e l o c i t i e s )  f o r  s o l i d s  i n  r i s e r s  t o  flow 
down a long  t h e  w a l l .  c r ack ing  f e e d  risers (L/D 2 20) e x h i b i t  4 t o  6 s o l i d s  
mixing S tages .  The v e l o c i t y  p r o f i l e  f l a t t e n s  (approaches p lug  flow) w i t h  i n c r e a s i n g  
p i p e  d i ame te r  b u t  becomes more peaked w i t h  i n c r e a s e d  s o l i d s  l o a d i n g  and dec reased  
v e l o c i t y .  

C a t a l y t i c  

Determinati .on of s t a g i n g  and mixing o f  s o l i d s  i n  t h e  r a i n i n g  p e l l e t  systeir: 
may r e q u i r e  l a r g e  test f a c i l i t i e s .  

Agglomeration and D e f l u i d i z a t i o n  

Two p o s s i b l e  problems a r i s e :  (1)  ground s h a l e  c o n t a i n i n g  a s i z e a b l e  f r a c t i o n  
o f  1/16-inch-or- less  (1.6mm) p a r t i c l e s  w i l l  s e g r e g a t e  i n t o  c o a r s e  and f i n e  l a v e r  .. 
even under  moderate  f l u i d i z a t i o n  c o n d i t i o n s ,  and ( 2 )  t h e  ground s : la le  might beconic 
t acky ,  due t o  t h e  p r e s e n c e  o f  l i q u i d s  on t h e  s h a l e  s u r f a c e  under r e t o r t  c o n d i t i o n s .  
and d e f l u i d i z e  by agg lomera t ion .  

The q u e s t i o n  o f  agg lomera t ion  needs f u r t h e r  r e s o l u t i o n .  Small  s c a l e  exper-  
imen t s  i n d i c a t e d  d i r e c t  v a p o r i z a t i o n  o f  s h a l e  o i l  occu r red  d u r i n g  r e t o r t i n g  and no 
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agglomerat ion t endenc ie s  were noted.  However, agg lomera t ion  could t a k e  p l a c e  i n  co ld  
s p o t s  where hydrocarbon condensa t ion  might occur .  
are t o  avo id  co ld  s p o t s  and t o  p rov ide  s u f f i c i e n t  mixing of f r e s h  s h a l e  w i t h  i n e r t s  
( i . e . ,  w i t h  spen t  s h a l e )  t o  p r e v e n t  agg lomera t ion .  

Two requ i r emen t s  of r e t o r t  d e s i g n  

Overheat ing and I g n i t i o n  

A i r  w a s  o r i g i n a l l y  conceived as t h e  p r e h e a t e r  gas  f o r  t r a n s p o r t i n g  s h a l e  
b u t  use of an  i n e r t  g a s  may be p r e f e r r e d .  I f  s h a l e  i s  hea ted  i n  a i r  t o  a t empera tu re  
where r e t o r t i n g  p roceeds ,  t hen  a combus t ib l e  m i x t u r e  i s  formed and i g n i t i o n  can  occur .  
A t  a tmospheric  p r e s s u r e  t h i s  o c c u r s  a t  about  630°F ,  332'C. Local  s t a g n a t i o n  zones of 
s h a l e  n e a r  t h e  b a l l  i n l e t  shou ld  be avoided because they  might l e a d  t o  such  a 
c o n d i t i o n .  D i l u t i o n  w i t h  a n  i n e r t  g a s  or u s e  of ano the r  g a s  as a c a r r i e r  may be pre- 
f e r r e d  because b o t h  w i l l  pe rmi t  a b roade r  r ange  of o p e r a t i o n  wi thou t  t h e  p o s s i b i l i t y  
of s h a l e  i g n i t i o n .  

P r e s s u r e  Balance - O p e r a b i l i t y  

O v e r a l l  o p e r a t i o n ,  a s  i n  c a t a l y t i c  c r a c k i n g ,  depends on use  o f  s t a n d p i p e s  
t o  g e n e r a t e  t h e  p r e s s u r e  d i f f e r e n t i a l s  necessa ry  t o  cause  s h a l e  and b a l l s  t o  f low 
i n t o  t h e  p r o c e s s  v e s s e l s .  Excess  p r e s s u r e s  a r e  t a k e n  o u t  by s l i d e  v a l v e  c o n t r o l  
which a l s o  dampens t h e  t r a n s f e r  of p r e s s u r e  s u r g e s  between v e s s e l s .  

The h igh  p e r m e a b i l i t y  of t h e  s t a n d p i p e  m a t e r i a l ,  e s p e c i a l l y  of t h e  sphe res  
o r  p e l l e t s ,  w i l l  a l l o w  a p p r e c i a b l e  gas  l e a k a g e .  Adequate purge g a s e s  i n  t h e  s t a n d -  
p i p e  w i l l ,  t h e r e f o r e ,  be r e q u i r e d .  

B a l l  S e p a r a t i o n  and Recovery 

The r a i n i n g  b a l l s  must be s t r i p p e d  f r e e  of s h a l e  b e f o r e  be ing  removed f r o m  
a v e s s e l .  
h i g h  v e l o c i t y  (1 1 0  f p s ,  3 m/s) i n  a b a l l - c o l l e c t i o n  b o o t .  Th i s  might b e  a l a r g e  
f r a c t i o n  of t h e  f l u i d i z i n g  gas  i n  a v e s s e l  and r educes  t h e  q u a n t i t y  of gas a v a i l a b l e  
f o r  t r a n s f e r r i n g  s h a l e  i n t o  t h e  v e s s e l  above t h e  boo t .  

Th i s  can  b e  most r e a d i l y  done by use  of a s t r i p p i n g  g a s  a t  r e l a t i v e l y  

Genera t ion  of F i n e s  and Entrainment  of S h a l e  

Although r e t o r t i n g  of s h a l e  does n o t ,  i n  i t s e l f ,  g e n e r a t e  f i n e s  i t  does  
weaken t h e  p a r t i c l e s  so t h a t  t hey  are more r e a d i l y  a t t r i t a b l e .  P a r t i c l e  size d i s -  
t r i b u t i o n  r e p o r t e d  for a f l u i d i z e d  bed p r o c e s s  i s  l i s t e d  i n  Tab le  1. T h i s  p o t e n t i a l  
g e n e r a t i o n  of f i n e s  may no t  be s e r i o u s  f o r  SPHER s i n c e  o p e r a t i o n  w i l l  b e  once throug!] 
f o r  t h e  s h a l e  and r e s i d e n c e  t ime i n  v e s s e l s  w i t h  f l u i d i z e d  beds i s  o n l y  a few minu tes .  

Entrainment  o f  s h a l e  i n  gas  i n  t h e  p r e h e a t  and h e a t  r ecove ry  s e c t i o n s  i s  
t h e  b a s i c  mode o f  t r a n s p o r t  f o r  s h a l e .  I n  t h e  r e t o r t ,  e x c e s s i v e  en t r a inmen t  reduce 
t h e  r e s i d e n c e  t i m e  below t h a t  needed f o r  r e t o r t i n g  and e x t r a  s t e p s  may b e  r e q u i r e d  
f o r  r e t u r n i n g  s h a l e  f i n e s  t o  t h e  r e t o r t .  

In a l l  c a s e s ,  high-load and h i g h - e f f i c i e n c y  ( cyc lone )  s e p a r a t o r s  w i l l  be  
r e q u i r e d  t o  p reven t  e x c e s s i v e  c a r r y o v e r  of s h a l e  i n  gas  s t r eams  t o  o t h e r  p o r t i o n s  o f  
t h e  p r o c e s s .  These r ecove red  f i n e s  may need t o  be r e c y c l e d  t o  t h e  a p p r o p r i a t e  v e s s e l s  
i n  o r d e r  t o  i n s u r e  t h e  p rope r  c o n c e n t r a t i o n  of f i n e s  f o r  smooth f l u i d i z a t i o n .  

Choice o f  B a l l  M a t e r i a l  

The purpose of t h e  b a l l s  is t o  p rov ide  a means of conveying and exchanging 
h i g h l y  concen t r a t ed  h e a t  energy.  Thus, t hey  shou ld  have a high e x t e r n a l  s u r f a c e  a rea  
( i . e . ,  a small d i ame te r )  and a h igh  h e a t  c a p a c i t y .  However, t hey  must be l a r g e  enoug!, 
t o  be r e a d i l y  s e p a r a b l e  from t h e  s h a l e .  For e a s e  of s e p a r a t i o n  they  shou ld  have a 
h igh  d e n s i t y .  Tab le  2 l is ts  some p r o p e r t i e s  of c a n d i d a t e  m a t e r i a l s .  O the r  f a c t o r s  
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t o  c o n s i d e r  i n c l u d e  c o s t  and r e s i s t a n c e  t o  c o r r o s i o n ,  a b r a t i o n  and the rma l  shock. 
The q u a l i t v  of a m a t e r i a l  such as alumina i s  h i g h l y  dependent  upon i t s  method of 
manufacture  and t h e  s u i t a b i l i t y  of s p e c i f i c  a luminas  must be d e f i n e d .  

Erosion/Attrition/Thermal Shock 

The h i g h  v e l o c i t i e s  of b a l l s  i n  l i f t  p i p e s  and t h e  t u r b u l e n t  n a t u r e  of t h e  
f l u i d i z e d  beds  l e a d  t o  t h e  p o s s i b i l i t y  o f  e r o s i o n  of t h e  equipment and a t t r i t i o n  or 
f r a c t u r i n g  of t h e  b a l l s .  E ros ion  can be reduced by u s i n g  a b r a s i o n  r e s i s t a n t  r e f r a c -  
t o r y  l i n i n g s  i n  p i p e s .  
d e s i g n  to r educe  t h e  e f f e c t  of impact ion a t  elbows and o n  d e f l e c t i o n  p l a t e s .  

A t t r i t i o n  and f r a c t u r i n g  of b a l l s  can be reduced by p rope r  

Breakage by the rma l  shock is reduced by c o u n t e r c u r r e n t  o p e r a t i o n ,  which 
allows reduced t e m p e r a t u r e  g r a d i e n t s ,  and by a s m a l l  b a l l  s i z e ,  which reduces thermal 
s t r e s s e s .  

Conclusions 

A s  w i t h  most newly conceived p r o c e s s e s  t h e r e  i s  c o n s i d e r a b l e  development 
work t o  b e  done b e f o r e  SPHER is a mature  p r o c e s s .  T h i s  r e p o r t  s e r v e s  t o  p r e s e n t  t h e  
b a s i c  f e a t u r e s  of SPHER and t o  p o i n t  up some a r e a s  r e q u i r i n g  development work. 
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TABLE 1. PARTICLE SIZE DISTRIBUTIONS OF SHALE RETORTED BY TOSCO 
AND FLUIDIZED BED TECHNIQUES 

F l u i d i z e d  S p e n t  S h a l e a )  

S i z e  Range, !A P e r c e n t  

0-20 < 2 5  

20-60 5-15 

60-200 20-50 

2 00-400 20-30 

<400 <5 

a )  S e e  R e f e r e n c e  No. 5 

TABLE 2. PROPEIlTIES AND CIF.CULATIOII RATES OF 

CASDIDATE MATERIALS FOX OUTER BALL LOOP 

?la t e r ia l  
D e n s i t y  Heat  C a p a c i t v  
~- l b / f t 3  t / m 3  Btu/Lb°F Btu/Ft’’F Kcal /mj°C 

High  D e n s i t y  Alumina 2 3 1  
( c e r a m i c  h a l l s  used  
b y  Tosco)  

Aluminum 1 6 8  

S t e e l  497 

Lead 686  

G r a v e l  1 5 6  

3 . 7 0  0 .22  5 0 . 8  814 

2 . 6 9  0 . 2 3  38.8 622 

7.80 9 . 1 2  5 8 . 4  935  

1 0 . 9 9  0 . 0 3  20.6 330  

2 .50  0 . 2  31 .2  500  

6 7  
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O I L  SHALE R E T O R T I N G  KINETICS 

P.  H. Wallman, P. W.  Tamm, B. G. Spars  

Chevron Resea rch  Company 
576 S t a n d a r d  Avenue 

Richmond, C a l i f o r n i a  94802 

S e v e r a l  aboveground oil s h a l e  r e t o r t i n g  p r o c e s s e s  a r e  c h a r a c -  
t e r i z e d  by r a p i d  h e a t i n g  f o l l o w e d  by r e t o r t i n g  a t  e s s e n t i a l l y  i s o -  
t h e r m a l  c o n d i t i o n s .  The o b j e c t i v e  of t h i s  s t u d y  i s  t o  i n v e s t i g a t e  t h e  
r e t o r t i n g  k i n e t i c s  a p p l i c a b l e  t o  p r o c e s s e s  c h a r a c t e r i z e d  b o t h  by r a p i d  
h e a t i n g  of r e l a t i v e l y  small p a r t i c l e s  and by r a p i d  sweeping o f  t h e  
produced h y d r o c a r b o n  v a p o r s  o u t  of t h e  r e t o r t .  R a t h e r  s u r p r i s i n g l y ,  
a c c u r a t e  k i n e t i c s  f o r  t h e s e  c o n d i t i o n s  a r e  n o t  a v a i l a b l e  I n  t h e  
l i t e r a t u r e .  

b u t  have f a i l e d  t o  e l i m i n a t e  s i g n i f i c a n t  h e a t u p  e f f e c t s  i n  t he  mea- 
s u r e d  k i n e t i c s .  The i m p o r t a n t  i n v e s t i g a t i o n  by Hubbard and 
Robinson ( 1 )  i s  i n  t h i s  c a t e g o r y .  A t t empt s  were made t o  c o r r e c t  t h e  
Hubbard and Rob inson  da ta  f o r  t h e  h e a t u p  e f f e c t s  by Braun and 
Rothman ( 2 )  and J o h n s o n  e t  a l .  ( 3 ) .  A l l r e d  ( 4 )  took new i s o t h e r m a l  
da ta  wi th  i n c r e a s e d  a c c u r a c y ,  b u t  h i s  r e s u l t s  a l s o  s u f f e r e d  from 
i n t e r f e r i n g  h e a t - t r a n s f e r  dynamics.  Weitkamp and G u t b e r l e t  ( 5 )  used 
b o t h  i s o t h e r m a l  and n o n i s o t h e r m a l  t e c h n i q u e s  but  covered o n l y  low 
t e m p e r a t u r e s  and p r e s e n t e d  no k i n e t i c  model.  

complex i ty  of t h e  p roposed  k i n e t i c  models .  The works of F a u s e t t  
e t  a l .  ( 6 )  and Johnson  e t  a l .  ( 3 )  be long  i n  t h i s  c a t e g o r y .  A g o a l  of 
t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  keep  t h e  model a s  s i m p l e  as p o s s i b l e .  

t h a t  b y  t h e  Lawrence L ive rmore  L a b o r a t o r y  (LLL) d e s c r i b e d  i n  Campbell 
e t  a l .  ( 7 )  and Campbel l  e t  a l .  ( 8 ) .  The LLL g r o u p  d e t e r m i n e d  r e t o r t -  
i n g  k i n e t i c s  by b o t h  i s o t h e r m a l  and n o n i s o t h e r m a l  e x p e r i m e n t s  w i t h  
r e a s o n a b l e  ag reemen t  between t h e  two a p p r o a c h e s .  However, the  LLL 
work was d i r e c t e d  toward i n - s i t u  r e t o r t i n g  where h e a t i n g  r a t e s  a r e  
i n h e r e n t l y  low. Low h e a t i n g  r a t e s  were found  t o  d e c r e a s e  t h e  011 
y i e l d  below F i s c h e r  Assay l e v e l s  by i n c r e a s i n g  coke f o r m a t i o n .  Fo r  
s m a l l  p a r t i c l e s ,  t h e  d e t r i m e n t a l  e f f e c t  o f  s low h e a t i n g  could  be 
e l i m i n a t e d  by  sweep ing  t h e  sample w i t h  an i n e r t  g a s  imp ly ing  t h a t  t h e  
c o k i n g  was a s s o c i a t e d  w i t h  ho ldup  i n  a l i q u i d  s t a t e .  Such cok ing  i s  
not  of i m p o r t a n c e  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  where t h e  sample i s  
well s w e p t ,  and h e a t u p  r a t e s  a r e  t h r e e  o r d e r s  of magnitude h i g h e r  t h a n  
t y p i c a l  i n - s i t u  r a t e s .  

y i e l d  i s  t h a t  of F i s c h e r  Assay and t h a t  t h e  coke a s s o c i a t e d  w i t h  
F i s c h e r  Assay i s  s t o i c h i o m e t r i c a l l y  r e l a t e d  t o  t h e  ke rogen .  T h i s  
a s sumpt ion  may b e  a p p r o p r i a t e  f o r  i n - s i t u  r e t o r t i n g ,  b u t  i t  i s  not  
a p p l i c a b l e  t o  t h e  p r e s e n t  c o n d i t i o n s  where o i l  y i e l d s  h i g h e r  t h a n  
F i s c h e r  Assay are measu red .  C o n s e q u e n t l y ,  a n o t h e r  o b j e c t i v e  o f  t h i s  
work i s  t o  ex tend  the k i n e t i c s  of o i l  p r o d u c t i o n  beyond t h e  F i s c h e r  
Assay l i m i t .  

S e v e r a l  p r e v i o u s  i n v e s t i g a t o r s  have t a k e n  an i s o t h e r m a l  approach  

A f r e q u e n t  c h a r a c t e r i s t i c  of  p a s t  i n v e s t i g a t i o n s  i s  e x c e s s i v e  

O n e  p r e v i o u s  i n v e s t i g a t i o n  t h a t  d e s e r v e s  s p e c i a l  a t t e n t i o n  i s  

The LLL k i n e t i c  model p r e d i c t s  t h a t  t h e  maxiinurn a c h i e v a b l e  o i l  
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E x p e r i m e n t a l  Technique  - A b e n c h - s c a l e  f l u i d i z e d  bed r e a c t o r  
shown i n  F i g u r e  1 was used t o  r e t o r t  small samples  o f  o i l  s h a l e  p a r t i -  
c l e s .  The g l a s s  r e a c t o r  h e l d  a bed of i n e r t  s o l i d s  such  as g l a s s  
beads  o r  sand  t h a t  was c o n t i n u o u s l y  f l u i d i z e d  by a c o n t r o l l e d  f l o w  of 
he l ium or  any o t h e r  g a s .  A weighed sample of  s h a l e  i n  a n  amount no 
g r e a t e r  t h a n  2% o f  t h e  bed was dropped i n t o  t h e  p r e h e a t e d  r e a c t o r ,  
p roducing  a n e g l i g i b l e  d r o p  i n  bed t e m p e r a t u r e .  Heat t r a n s f e r  i n  the 
f l u i d i z e d  b e d  was v e r y  r a p i d ,  and t h e  v o l a t i l e  p r o d u c t s  were r a p i d l y  
Swept o u t  by the f l u i d i z i n g  g a s .  The  v a p o r  r e s i d e n c e  time i n  t h e  
reactor was t y p i c a l l y  3 seconds .  A small sample stream was d i v e r t e d  
t o  a flame i o n i z a t i o n  d e t e c t o r  (FID i n  F i g u r e  1). The FID produced  a 
S i g n a l  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  t o t a l  h y d r o c a r b o n .  
Heteroatom c o n t e n t  of e v o l v e d  p r o d u c t s  was assumed c o n s t a n t  w i t h  
time. S i n c e  t h e  h y d r o c a r b o n  c o n c e n t r a t i o n  dropped t o  v e r y  low l e v e l s  
a t  t h e  end of t h e  r e t o r t i n g  r e a c t i o n ,  t h e  s e n s i t i v i t y  of t h e  d e t e c t o r  
had t o  be i n c r e a s e d  by a t  l e a s t  a f a c t o r  o f  t e n  as t h e  r e t o r t i n g  pro- 
g r e s s e d .  T h i s  i n c r e a s e d  s e n s i t i v i t y  made i t  p o s s i b l e  t o  r e c o r d  t h e  
f u l l  p r o d u c t - e v o l u t i o n  c u r v e  i n c l u d i n g  t h e  l o n g  " ta i l"  which c o n t a i n s  
i n f o r m a t i o n  on t h e  k i n e t i c s  a t  h i g h  c o n v e r s i o n  l e v e l s .  At tempts  were 
made t o  use  t h e  FID f o r  q u a n t i t a t i v e  d e t e r m i n a t i o n  of v o l a t i l e  hydro-  
carbon y i e l d s ,  b u t  t h e  r e s u l t s  were of i n s u f f i c i e n t  a c c u r a c y .  The 
area u n d e r  t h e  c u r v e  d i d ,  however, g i v e  a n  a p p r o x i m a t e  y i e l d  which was 
used as a n  e x p e r i m e n t a l  check.  

Oil and g a s  y i e l d s  were o b t a i n e d  from a n o t h e r  b r a n c h  of t h e  appa- 
r a t u s  shown i n  F i g u r e  1. The o i l  was condensed in a c o l d  t r a p ,  and 
t h e  g a s e s  were c o l l e c t e d  i n  a g a s  c y l i n d e r  by l i q u i d  d i s p l a c e m e n t .  
The amount of o i l  was d e t e r m i n e d  g r a v i m e t r i c a l l y ,  and t h e  amount of 
hydrocarbon g a s  was d e t e r m i n e d  from t h e  t o t a l  volume o f  gas c o l l e c t e d  
and the g a s  c o m p o s i t i o n .  The o i l  was r e c o v e r e d  by CS2 e x t r a c t i o n  and 
s u b j e c t e d  t o  GC a n a l y s i s ,  s t a n d a r d i z e d  a g a i n s t  n - p a r a f f i n s .  F i n a l l y ,  
t o  close t h e  h y d r o c a r b o n  b a l a n c e ,  t h e  e n t i r e  bed c o n s i s t i n g  of i n e r t  
p a r t i c l e s  and r e t o r t e d  sha le  was r e c o v e r e d  and i t s  h y d r o c a r b o n  c o n t e n t  
d e t e r m i n e d .  

The o i l  c o l l e c t i o n  t r a p  shown i n  F i g u r e  1 proved  t o  be a c r i t i c a l  
p a r t  of t h e  a p p a r a t u s .  The p r o d u c t  o i l  t e n d s  t o  form a s t a b l e  a e r o s o l  
making i t  d i f f i c u l t  t o  c o l l e c t .  T h i s  problem can b e  overcome by a 
t r a p  d e s i g n  where t h e  c o n d e n s a t i o n  o c c u r s  under  a s t e e p  thermal  g r a d i -  
e n t .  The i n s i d e  wall of t h e  c o l d  t r a p  was k e p t  a t  300'F w h i l e  t h e  
o p p o s i t e  wall was i n  c o n t a c t  w i t h  a b a t h  a t  5'F. A t h e r m a l l y  induced  
outward r a d i a l  f l o w  promoted f i l m  c o n d e n s a t i o n  on t h e  c o l d  wall. 
I n t e r e s t i n g l y ,  t h i s  d e s i g n  e l i m i n a t e d  a e r o s o l  f o r m a t i o n s  when u s i n g  
he l ium as t h e  f l u i d i z i n g  g a s ;  bu t  w i t h  h e a v i e r  g a s e s  s u c h  as  a r g o n ,  
n i t r o g e n ,  and e v e n  methane,  a e r o s o l  f o r m a t i o n  s t i l l  o c c u r r e d .  The 
c a u s e  of t h i s  e f f e c t  was n o t  i n v e s t i g a t e d ,  b u t  i t  c o u l d  b e  r e l a t e d  t o  
d i f f e r e n c e s  i n  c o n d u c t i v i t y  between t h e  gases. The s e l e c t e d  b a t h  
t e m p e r a t u r e  of 5'F proved  p r a c t i c a l  b e c a u s e  no b u t a n e s  condensed ,  and 
o n l y  a small p o r t i o n  of l i g h t  011 ( C 5 - C 7 )  was l o s t  t o  t h e  g a s .  
l i g h t  o i l  was a c c o u n t e d  f o r  by u s e  of t h e  g a s  a n a l y s i s .  

t e m p e r a t u r e s  r e q u i r i n g  l o n g  r e a c t i o n  t imes,  large amounts  of he l ium 
were n e c e s s a r y ;  and t h e  hydrocarbon p r o d u c t s  were i n  v e r y  low concen- 
t r a t i o n .  T h i s  d i f f i c u l t y  was overcome by r e c y c l i n g  the  gas b a c k  i n t o  
t h e  f l u i d i z e d  bed and t h e r e b y  a l l o w i n g  t h e  h y d r o c a r b o n  c o n c e n t r a t i o n  

T h i s  

Another  area of e x p e r i m e n t a l  d i f f i c u l t y  was gas a n a l y s i s .  A t  l o w  
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t o  b u i l d  up. Some 011 v a p o r  was u n d o u b t e d l y  r e c y c l e d  i n c r e a s i n g  t h e  
p o s s t b i l i  t y  of  thermal c r a c k i n g .  

from a s i n g l e  b u l k  sample  o f  Colorado  oil s h a l e  ( A n v i l  P o i n t  Mine, 
c o u r t e s y  of Development  E n g i n e e r i n g  I n c o r p o r a t e d  and t h e  U. S. 
Department  of E n e r g y ) .  The F i s c h e r  Assay oil y i e l d  was 10.5% (27.5 
g a l l o n s / t o n )  f o r  t h e  l a r g e r  p a r t i c l e s  and somewhat l o w e r  f o r  t h e  f i n e r  
s i z e  c u t s ,  f o r  example ,  10.15% f o r  100 !Jm p a r t i c l e s .  These  and a l l  
s u b s e q u e n t  p e r c e n t a g e s  r e p o r t e d  in t h i s  p a p e r  a r e  on a w e i g h t  basls.  

The s h a l e  s a m p l e s  used i n  t h i s  work were  o b t a i n e d  by s c r e e n i n g  

Y i e l d  R e s u l t s  - Exper iments  were conducted  t o  d e t e r m i n e  t h e  
e f f e c t  of  oil s h a l e  p a r t i c l e  s i z e  on p r o d u c t  y i e l d s  a t  930'F. The 
y i e l d s  o b t a i n e d  f o r  p a r t i c l e s  of  s i x  d i f f e r e n t  s i z e s  are compared w i t h  
F i s c h e r  Assay y i e l d s  in F i g u r e  2 .  I t  i s  a p p a r e n t  t h a t  oil y i e l d s  
h i g h e r  t h a n  F i s c h e r  Assay are  o b t a i n e d  f o r  small p a r t i c l e s ;  whereas  
l a r g e  p a r t i c l e s  p r o d u c e  F i s c h e r  Assay y i e l d .  The i n c r e m e n t a l  oil 
produced from small p a r t i c l e s  i s  b a l a n c e d  by a d e c r e a s e d  coke make 
w h i l e  t h e  gas make remains  c o n s t a n t .  The oil y i e l d  a p p e a r s  t o  have a 
l i m i t  a t  a b o u t  1 1 0 %  F i s c h e r  Assay, b u t  t h i s  may be e n t i r e l y  due t o  t h e  
l i m i t e d  r a n g e  o f  p a r t i c l e  s i z e s  i n v e s t i g a t e d .  I t  i s  p o s s i b l e  that  t h e  
oil y i e l d  would i n c r e a s e  f u r t h e r  f o r ,  say ,  10-LI or 1-!J p a r t i c l e s .  
However, p a r t i c l e s  of t h i s  s i z e  c o u l d  n o t  be  s t u d i e d  i n  t h e  a p p a r a t u s  
o f  t h i s  work. 

a change i n  t h e  oil c o m p o s i t i o n .  
p r o d u c t  oil i s  shown i n  F i g u r e  3. I n c r e a s e d  oil y i e l d s  are accompan- 
i e d  by i n c r e a s e d  heavy ends.  Hence, t h e  c o n c l u s i o n  i s  t h a t  t h e  i n c r e -  
m e n t a l  oil o b t a i n e d  from small p a r t i c l e s  i s  of h i g h e r  m o l e c u l a r  
weight .  

The e f f e c t  of r e t o r t i n g  t e m p e r a t u r e  on t h e  y i e l d s  o b t a i n e d  from 
0.4-mm p a r t i c l e s  and t h e  accompanying change i n  oil c o m p o s i t i o n  are 
shown i n  F i g u r e s  [I and 5. The i m p o r t a n t  f i n d i n g s  h e r e  a r e  t h a t  coke 
y i e l d  is u n a f f e c t e d  by r e t o r t i n g  t e m p e r a t u r e  and t h a t  oil y i e l d  is 
i n c r e a s e d  due  t o  d e c r e a s e d  g a s  make a t  t h e  lower t e m p e r a t u r e s .  T h i s  
second f i n d i n g  s u g g e s t s  d e c r e a s e d  c r a c k i n g  s i n c e  F i g u r e  5 shows t h a t  a 
l i g h t e r  oil p r o d u c t  i s  o b t a i n e d  a t  t h e  h i g h e r  t e m p e r a t u r e s .  It w i l l  
a l s o  be n o t e d  t h a t  t h e  d a t a  s e t  shown i n  F i g u r e  4 h a s  some " e x t r a "  
c r a c k i n g  in c o m p a r i s o n  w i t h  t h e  da ta  of F i g u r e  2. T h i s  i s  due t o  t h e  
f a c t  t h a t  t h e  r e s u l t s  of F i g u r e  4 were o b t a i n e d  i n  t h e  r e c y c l e  gas 
mode where r e c y c l i n g  o f  a small p o r t i o n  o f  t h e  oil o c c u r r e d .  I n  
g e n e r a l ,  t h e  g a s  make was found t o  be  v e r y  s e n s i t i v e  t o  equipment  
c o n d i t i o n s  s u c h  as t h e  t e m p e r a t u r e  o f  t h e  p r o d u c t  l i n e  l e a d i n g  t o  t h e  
c o n d e n s e r .  

!lot o n l y  do smaller p a r t i c l e s  produce  more oil, b u t  t h e r e  is a l s o  
The c o n c e n t r a t i o n  of C2g+ i n  t h e  

K i n e t i c  R e s u l t s  - The k i n e t i c  complement t o  t h e  y i e l d  r e s u l t s  
d i s c u s s e d  above was o b t a i n e d  from t h e  FID r e s p o n s e  c u r v e .  I n t e g r a t i o n  
of  t h i s  c u r v e  g a v e  t h e  f r a c t i o n a l  c o n v e r s i o n .  F i g u r e  6 shows t h e  
r e s u l t s  of t h e  p a r t i c l e - s i z e  e f f e c t  e x p e r i m e n t s  p l o t t e d  as t h e  
l o g a r i t h m  of t h e  
term hydrocarbon 
t h a t  t h e  r e s u l t s  
s i n c e  t h e  c u r v e s  
By comparing t h e  

f r a c t i o n  unconver ted  h y d r o c a r b o n  v e r s u s  t ime ( t h e  
i s  used h e r e  t o  d e n o t e  o r g a n i c  m a t t e r ) .  It  a p p e a r s  
c a n  be d e s c r i b e d  by a p a i r  o f  f i r s t - o r d e r  p r o c e s s e s  
c a n  b e  approximated  by two s t r a l g h t - l i n e  segments .  
s l o p e s  o f  t h e  two s e g m e n t s ,  t h e  r a t e s  of t h e  two 
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P r o c e s s e s  a r e  found t o  d i f f e r  by a f a c t o r  of t e n .  T h i s  i s  an  impor- 
t a n t  f i n d i n g  w i t h  consequences  f o r  t h e  r e t o r t i n g  model t o  b e  p roposed  
i n  a s u b s e q u e n t  s e c t i o n .  

The small d i f f e r e n c e s  between t h e  i n i t i a l  segments  of t h e  k i n e t i c  
c u r v e s  I s  due t o  d i f f e r e n c e s  i n  h e a t u p  time f o r  t h e  d i f f e r e n t  p a r t i c l e  
s i z e s .  However, h e a t u p  time i s  r e l a t i v e l y  u n i m p o r t a n t  even  f o r  t h e  
3-mm p a r t i c l e s  because  t h e  s t r a i g h t - l i n e  segment e x t r a p o l a t e s  t o  o n l y  
15 seconds  on t h e  t i m e  a x i s .  T h i s  " e x p e r i m e n t a l "  h e a t u p  t i m e  is  a b o u t  
what one would c a l c u l a t e  u s i n g  a h e a t  t r a n s f e r  c o e f f i c i e n t  of 500 
W/m2 oc . 
s l o p e  of  t h e  l a t t e r  segment of  the c u r v e  changes  f o r  p a r t i c l e s  of 
d i f f e r e n t  s i z e .  The p r o c e s s  c o r r e s p o n d i n g  t o  t h i s  segment a p p e a r s  t o  
be s lower  f o r  t h e  small p a r t i c l e s  t h a n  fo r  t h e  large ones .  T h i s  unex- 
p e c t e d  c h a r a c t e r i s t i c  i s  a t  f i r s t  s u r p r i s i n g .  I t  i s ,  however ,  a con- 
sequence  of t h e  d i f f e r e n t  y i e l d s  f o r  d i f f e r e n t  p a r t l c l e  s i z e s  shown i n  
F i g u r e  2. The y i e l d  d i f f e r e n c e s  do  n o t  e n t e r  t h e  k i n e t i c  r e s u l t s  of 
F i g u r e  6 because  t h e  o r d i n a t e  i s  no rma l i zed  by t h e  t o t a l  h y d r o c a r b o n  
e v o l v e d  ( t h i s  t y p e  of p l o t  i s  r e q u i r e d  f o r  d e t e r m i n a t i o n  of t h e  ra te  
c o n s t a n t s ) .  

The k i n e t i c  and y i e l d  d a t a  are combined i n  F i g u r e  7 f o r  t h e  
0.4-mm and 3-mm p a r t i c l e s .  T h i s  f i g u r e  shows t h a t  t h e  hydroca rbon  
e v o l u t i o n  i s  e s s e n t i a l l y  i n d e p e n d e n t  of p a r t i c l e  s i z e  up t o  100% 
F i s h e r  Asay o i l  y i e l d .  A t  t h i s  l e v e l  t h e  o i l  p r o d u c t i o n  s t o p s  f o r  
l a r g e  p a r t i c l e s ,  whereas it c o n t i n u e s  f o r  small p a r t i c l e s  a t  a reduced 
rate. 

The e f f e c t  of t e m p e r a t u r e  o n  t h e  r e t o r t i n g  k i n e t i c s  i s  shown i n  
F i g u r e  8 f o r  t h e  1-mm p a r t i c l e s .  Both p r o c e s s e s  r e spond  t o  tempera- 
t u r e  b u t  the fas t  one more so  t h a n  t h e  s low one .  

An i m p o r t a n t  f e a t u r e  of t h e  r e s u l t s  shown i n  F i g u r e  6 i s  t h a t  t h e  

T a b l e  I 

R e t o r t i n g  Rate E x p r e s s i o n s  

L i g h t  Hydrocarbon P r o d u c t i o n :  

Rate = fl .kl 'Co*e-klt  

Amount = f l * k l * C o - ( l  - e-klt) 

P r imary  Heavy O i l  P r o d u c t i o n :  

Rate = f * k  * C  . e - ( k 2 + k c ) t  

Amount = f 2  k2+k '2 

2 2 0  

co*[ l  - e - (k2  + k c ) t l  
C 

I n t r a p a r t i c l e  Coke P r o d u c t i o n :  

2 c c o  R a t e  = f * f  * k  * c  .,-(k2 + k c ) t  

Amount = f 2 ' f c  k2+k kc C o ' [ l  - e-(k2 + k c ) t ]  
C 
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R e t o r t i n g  Model - The combined k i n e t i c  and y i e l d  d a t a  can be 
c o r r e l a t e d  w i t h  t h e  r e t o r t i n g  model shown i n  F i g u r e  9.  Here kerogen 
decomposes i n t o  a " l i g h t "  hydroca rbon  p r o d u c t  and a heavy i n t e r m e d i a t e  
p r o d u c t ,  "bi tumen."  The l i g h t  p r o d u c t  I s  l a r g e l y  a vapor  a t  r e t o r t i n g  
c o n d i t i o n s  and i s ,  t h e r e f o r e ,  p roduced  r a p i d l y  w i t h o u t  s i g n i f i c a n t  
s econdary  r e a c t i o n s .  The b i tumen ,  on t h e  o t h e r  hand ,  i s  o f  h i g h  b o i l -  
i n g  range and r ema ins  i n  t h e  p a r t i c l e  f o r  s i g n i f i c a n t  p e r i o d s  of  
t i n e .  I t  becomes s u b j e c t  t o  two competing p r o c e s s e s :  (1) heavy o i l  
p r o d u c t i o n  and ( 2 )  i n t r a p a r t i c l e  ( l i q u i d - p h a s e )  cok ing .  The r e l e a s e d  
heavy o i l  i s  f u r t h e r  s u b j e c t e d  t o  t h e r m a l  c r a c k i n g  i n  t h e  vapor  phase 
s u r r o u n d i n g  t h e  p a r t i c l e s .  

F i r s t - o r d e r  r a t e  e x p r e s s i o n s  are  p roposed  i n  T a b l e  I f o r  t h e  
t h r e e  p r i n c i p a l  s t e p s :  l i g h t  hydroca rbon  p r o d u c t i o n  ( e q u a l s  kerogen 
d e c o m p o s i t i o n ) ,  prirriary heavy o i l  p r o d u c t i o n ,  and cok ing .  

which is  o b s e r v e d .  The f a s t  i n i t i a l  ra te  i s  gove rned  by t h e  ra te  
c o n s t a n t  kl ( f i r s t  o r d e r  i n  ke rogen  c o n c e n t r a t i o n ) .  The l a t t e r  slow 
rate  i s  governed by t h e  sum of t h e  two b i tumen  r e a c t i o n s ,  which are  
assumed f i r s t  o r d e r  i n  t h e  i n t r a p a r t i c l e  bi tumen c o n c e n t r a t i o n  and 
have r a t e  c o n s t a n t s  k2 and kc. A t  t h e  t e m p e r a t u r e s  o f  i n t e r e s t ,  kl i s  
much greater  t h a n  k2  + kc so t h a t  t h e  f i r s t  s t e p  of t h e  r e a c t i o n  goes  
v i r t u a l l y  t o  c o m p l e t i o n  b e f o r e  t h e r e  i s  any a p p r e c i a b l e  c o n v e r s i o n  of  
t h e  bi tumen.  

The model a c c o u n t s  f o r  t h e  d r a m a t i c  change i n  o i l  p r o d u c t i o n  r a t e  

P a r t i c l e  
S i z e ,  mm 

3 
2 

0.4 
1 

T a b l e  I1 

L i g h t  Hydrocarbon 
T o t a l  V o l a t i l e -  Y i e l d ,  % o f  L i g h t  Hydrocarbon 

Hydrocarbon Y i e l d ,  T o t a l  V o l a t i l e  Y i e l d ,  X o f  
% of Keropen Hydrocarbon Kerogen 

6 8 . 0  90 61.9 
70.0 a7 60.9 

74.4 83 61.8 
7 1 . 1  87 61.9 

Avg = 61.6 

L i g h t  Hydrocarbon F r a c t i o n ,  f l  

The " s t o i c h i o n e t r y "  o f  t h e  ke rogen  d e c o m p o s i t i o n  r e a c t i o n  is  
g i v e n  by t h e  p r o d u c t  f r a c t i o n s  f l ,  f 2 ,  and f w  i n  F i g u r e  9. The (H20, 
CO, C 0 2 )  f r a c t i o n  was set  e q u a l  t o  t h a t  o f  F i s c h e r  Assay because  t h e  
f r a c t i o n  of w a t e r  i n  t h e  l i q u l d  p r o d u c t  c o u l d  n o t  b e  e a s i l y  de t e rmined  
i n  t h e  y i e l d  e x p e r i m e n t s .  The l i g h t  h y d r o c a r b o n  f r a c t i o n ,  f l ,  was 
de te rmined  by  a c o m b i n a t i o n  of t h e  y i e l d  and t h e  k i n e t i c  d a t a .  The 
l i g h t  hydroca rbon  y i e l d  as a f r a c t i o n  o f  t o t a l  v o l a t i l e  hydroca rbon  
was o b t a i n e d  by e x t r a p o l a t i n g  t h e  s low r e a c t i o n  segments  of F i g u r e  6 
t o  z e r o  time and r e a d i n g  t h e  f r a c t i o n s  o f f  t h e  o r d i n a t e .  The r e s u l t s  
are shown i n  T a b l e  11. The v a l u e s  of f l  o b t a i n e d  f o r  t h e  f o u r  par- 
t i c l e  s i z e s  are  s u f f i c i e n t l y  c o n s t a n t  t o  j u s t i f y  a n  a v e r a g e  v a l u e  o f  
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61.6%.  The s t o i c h i o m e t r y  i s  i n d e p e n d e n t  o f  t e m p e r a t u r e  as shown i n  
F i g u r e  8 where a l l  t h e  s low r e a c t o r  s egmen t s  e x t r a p o l a t e  back  t o  
a p p r o x i m a t e l y  t h e  same p o l n t  on t h e  o r d i n a t e ,  namely 81% l i g h t  hydro- 
ca rbon .  The bi tumen f r a c t i o n ,  f 2 ,  i n  F i g u r e  9 i s  o b t a i n e d  by d i f f e r -  
ence  and e q u a l s  24%. Hence, f 2  i s  c o n s t a n t  w i t h  b o t h  p a r t i c l e  s i z e  
and t e m p e r a t u r e  a t  l eas t  i n  t h e  r ange  o f  900-1000°F. F i n a l l y ,  a r a t i o  
between coke and gas i n  t h e  c o k i n g  r e a c t i o n  of  8 0 : 2 0  was s e t  on t h e  
a s sumpt ion  t h a t  t h e  g a s  y i e l d  a t  800°F i n  F i g u r e  4 i s  the  r e s u l t  o f  
c o k i n g  a l o n e .  Campbell  e t  a l .  ( 8 )  used e s s e n t i a l l y  t h e  same coke-gas 
r a t i o  f o r  a similar r e a c t i o n  i n  t h e i r  r e a c t i o n  sequence.  

A second s o u r c e  o f  gas i s  vapor-phase c r a c k i n 5  of t h e  heavy o i l  
r e l e a s e d  from t h e  p a r t i c l e .  Crack ing  o f  t h e  l i g h t  hydroca rbon  f r a c -  
t i o n  is  a l so  p o s s i b l e ;  b u t  because  i t  o c c u r s  t o  a l e s s e r  e x t e n t ,  i t  
h a s  been assumed t o  be  ze ro .  Thy k i n e t i c s  o f  t h e  c r a c k i n g  r e a c t i o n  
l i e  o u t s i d e  t h e  scope  o f  t h e  p r e s e n t  i n v e s t i g a t i o n ,  b u t  t h i s  i m p o r t a n t  
r e a c t i o n  h a s  been s t u d i e d  by Burnhan and T a y l o r  (9). 

A t h i r d  s o u r c e  o f  gas i s  t h e  i n i t i a l  d e c o m p o s i t l o n  o f  ke rogen  
i t s e l f .  The c o n t r i b u t i o n  of e a c h  s t e p  c a n n o t  be d e t e r m i n e d  w i t h  t h e  
FID d e t e c t o r  because  i t  canno t  d i s t i n g u i s h  between g a s  and o i l .  

d i s a p p e a r a n c e  rate c o n s t a n t  ( k 2  + kc)  are o b t a i n e d  d i r e c t l y  as t h e  
s l o p e s  of t h e  two s t r a i g h t - l i n e  segmen t s  of F i g u r e s  6 and 8 ( and  s i m i -  
l a r  g r a p h s  f o r  t h e  o t h e r  p a r t i c l e  s i z e s ) .  F i g u r e  10 shows t h e  tem- 
p e r a t u r e  dependence o f  t h e s e  rate c o n s t a n t s .  
i s  independen t  of  p a r t i c l e  s i z e .  T h i s  i m p l i e s  t h a t  t h e r e  i s  no  s i g -  
n i f i c a n t  r e s i s t a n c e  t o  t h e  t r a n s p o r t  o f  l i g h t  h y d r o c a r b o n s  from t h e  
i n t e r i o r  o f  t h e  p a r t i c l e  i n t o  t h e  b u l k  o f  t h e  c a r r i e r  g a s .  T h i s  con- 
d i t i o n  i s  a consequence of t h e  h i g h  vapor  p r e s s u r e  o f  t h e  l i g h t  hydro-  
ca rbon  f r a c t i o n .  !3ecause of t h e  r a p i d  t r a n s p o r t  o u t  of t h e  p a r t i c l e ,  
t h i s  f r a c t i o n  has  no p o s s i b i l i t y  t o  coke.  The b i tumen ,  on t h e  o t h e r  
hand,  i s  viewed as a h i a h  b a i l i n g  l i q u l d  which can unde rgo  i n t r a -  
p a r t i c l e  cok ing .  
F i g u r e  10 s u g g e s t s  t h a t  a d i f f u s i o n a l  r e s i s t a n c e  may be  i m p o r t a n t  i n  
t h e  heavy o i l  p r o d u c t i o n  s t e p .  Also,  t h e  a c t i v a t i o n  ene rgy  f o r  t h e  
r e a c t l o n s  g o v e r n i n g  bi tumen d i s a p p e a r a n c e  is  o n l y  2 2 . 6  k c a l / m o l e  as 
compared t o  43.6 kca l /mole  f o r  t h e  ke rogen  d e c o m p o s i t i o n  r e a c t i o n .  

I n  o r d e r  t o  d e t e r m i n e  k2 and k, i n d i v i d u a l l y ,  t h e  k i n e t i c a l l y  
d e t e r m i n e d  v a l u e s  f o r  t h e  sum ( k 2  + kc)  must  be  used i n  c o n s o r t  w i th  
t h e  e x p r e s s i o n  f o r  t h e  coke y i e l d  0 . 8 ' f 2 ' k c / ( k 2 + k c ) .  The c a l c u l a t e d  
v a l u e s  o f  t h e  r a t i o  kc / (k2+kc)  t o g e t h e r  w i t h  t h e  k i n e t i c a l l y  o b t a i n e d  
v a l u e s  o f  ( k 2  + k,) a r e  g i v e n  i n  t h e  Appendix.  The r e s u l t i n g  k2  and 
k, v a l u e s  show some i n t e r e s t i n g  c h a r a c t e r i s t i c s :  k2 i s  i n d e p e n d e n t  of  
p a r t i c l e  s i z e  whereas  k, is  p r o p o r t i o n a l  t o  p a r t i c l e  s i z e .  Both have 
t h e  same t e m p e r a t u r e  dependence b e c a u s e  t h e  coke y i e l d  Is c o n s t a n t  
w i t h  t e m p e r a t u r e .  The t e m p e r a t u r e  dependence  and the p a r t i c l e  s i z e  
dependence of  k, are shown e x p l i c i t l y  i n  T a b l e  111. 

The ke rogen  decompos i t ion  ra te  c o n s t a n t ,  k l ,  and t h e  bi tumen 

It i s  a lso s e e n  t h a t  kl 

The p a r t i c l e  s i z e  dependence  of ( k 2  + kc) i n  
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T a b l e  111 

Rate C o n s t a n t s  (Min.-') 

Kerogen Decomposi t ion : 

) 
43.6 kca l /mole  kl  = 5.78.1012 e x p  (- - 

Heavy O i l  P r o d u c t i o n :  
k-, = 1 .8 - IO5  exn ( -  

R ' T  

) 
22.6 k c a l / m o l e  

c 
Coking: R'T 

kc = Ac'exp ( -  22.6 k c a l / m o l e  
R'T 

c - .... K 'I' Coking: 
kc = Ac'exp ( -  22.6 k c a l / m o l e  

R'T 

where A, P a r t i c l e  S i z e ,  mm 
1 8'10 3 
9'1O5 2 
5'105 1 
3.10~ 0.4 

D i s c u s s i o n  - A s  p a r t  o f  t h i s  i n v e s t i g a t i o n ,  models  d i f f e r e n t  from 
t h e  one proposed h e r e  were c o n s i d e r e d .  One s u c h  model of p a r t i c u l a r  
a p p e a l  i s  s imilar  i n  s t r u c t u r e  t o  t h e  one g i v e n  i n  F i g u r e  9 b u t  w i t h  a 
p u r e  d i f f u s i o n  p r o c e s s  f o r  t h e  heavy o i l  p r o d u c t i o n .  However, t h i s  
a l t e r n a t i v e  m o d e l  i s  i n c o m p a t i b l e  w i t h  some e x p e r i m e n t a l  f i n d i n g s :  It 
p r e d i c t s  l o w e r  coke  c o n c e n t r a t i o n s  on t h e  s u r f a c e  o f  t h e  p a r t i c l e  t h a n  
i n  t h e  i n t e r i o r ,  whereas mic roprobe  r e s u l t s  i n d i c a t e  a un i fo rm coke 
d i s t r i b u t i o n .  F u r t h e r ,  t h i s  d i f f u s i o n  model p r e d i c t s  z e r o  coke y i e l d  
f o r  i n f i n i t e l y  smal l  p a r t i c l e s ,  whereas  t h e  l i m i t e d  amount o f  d a t a  
a v a i l a b l e  f o r  small p a r t i c l e  s i z e s  s u g g e s t  a l e v e l i n g - o f f  of  t h e  coke 
y i e l d  below a p a r t i c l e  s i z e  of 0.4 mm. 

p a r t i c l e  s i z e  is a c c o u n t e d  f o r  i n  t h e  proposed model by comple t e  cok- 
i n g  o f  t h e  bi tumen f r a c t i o n .  The model p r e d i c t s  a coke y i e l d  of 19% 
of  t h e  ke rogen  when t h e  bi tumen i s  c o m p l e t e l y  coked well w i t h i n  
F i s c h e r  Assay r ange .  T h e r e f o r e ,  f l u i d  bed and F i s c h e r  Assay  r e t o r t i n g  
g i v e  d i f f e r e n t  y i e l d s  f o r  small p a r t i c l e s  o n l y .  The i n t e r p r e t a t i o n  o f  
t h i s  i s  t h a t  i n  a F i s c h e r  Assay r e t o r t  small p a r t i c l e s  p roduce  t h e  
same amount o f  coke  as large p a r t i c l e s  b e c a u s e  t h e r e  i s  no sweep g a s  
t o  f a c i l i t a t e  o i l  removal  from t h e  small p a r t i c l e s .  The f l u i d  b e d  
r e t o r t i n g  e x p e r i m e n t s  have  shown t h a t  a d d i t i o n a l  o i l  can indeed  be 
produced from small p a r t i c l e s .  

The p roposed  model  can be  compared w i t h  b o t h  the model of 
A l l r e d  ( 4 )  and t h a t  of Campbell  e t  a l .  ( 8 ) .  A l l r e d ' s  model d o e s  no t  
have  t h e  f e a t u r e  o f  compe t ing  p a r a l l e l  r e a c t i o n s  t h a t  i s  e s s e n t i a l  t o  
t h e  r e t o r t i n g  model p roposed  h e r e .  I t  d o e s ,  however,  have  t h e  i n t e r -  
med ia t e  p r o d u c t  b i t u m e n  which r e a c h e s  a maximum l e v e l  almost i d e n t i c a l  
t o  t h e  one i n  t h i s  work. A l l r e d  p o s t u l a t e s  t h a t  a l l  ke rogen  decom- 
poses  i n t o  b i tumen ,  whereas  bi tumen i n  t h e  p r e s e n t  work i s  t h e  remain- 
d e r  of the  ke rogen  a f t e r  t h e  l i g h t  hydroca rbon  f r a c t i o n  h a s  been  
s t r i p p e d  off  . 

"here are  some i n t e r e s t i n g  s imi la r i t i es  and c o n t r a s t s  between t h e  
P r e s e n t  model and t h e  Lawrence Livermore L a b o r a t o r y  (LLL) model of 
Campbell e t  a1.(8)  The a c t i v a t i o n  ene rgy  of  t h e  i n i t i a l  d e c o m p o s i t i o n  

The approach  t o  F i s c h e r  Assay y i e l d  s t r u c t u r e  w i t h  i n c r e a s i n g  
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i s  similar i n  b o t h  models ,  48-54 k c a l / m o l e  i n  t h e  c a s e  of  LLL and 
4 4  kcal /mole h e r e .  
t h e  ke rogen  d e c o m p o s i t i o n  by LLL; whereas ,  h e r e  i t  i s  one  of s e v e r a l  
decompos i t ion  p r o d u c t s .  Coking s t e p s  are i n c l u d e d  i n  b o t h  models ,  b u t  
t h e  material i n v o l v e d  is  d i f f e r e n t .  The c o k i n g  k i n e t i c s  a c c o u n t e d  f o r  
by LLL o n l y  a p p l y  t o  t h e  l i g h t  hydroca rbon  of  t h e  p r e s e n t  model ,  and 
t h i s  c o k i n g  r e a c t i o n  d o e s  n o t  o c c u r  h e r e  b e c a u s e  of t h e  h i g h  h e a t i n g  
r a t e  and t h e  sweep g a s .  The c o k i n g  c o n s i d e r e d  i n  t h e  p r e s e n t  model 
i n v o l v e s  t h e  i n t e r m e d i a t e  bi tumen p r o d u c t  and t h e  c o k i n g  ra te  depends 
on p a r t i c l e  s i z e .  Small p a r t i c l e s  p roduce  less c o k i n g  and; conse-  
q u e n t l y ,  o i l  y i e l d s  h i g h e r  t han  F i s c h e r  Assay. 

o i l  p r o d u c t i o n  regime.  C a l c u l a t i n g  a ra te  c o n s t a n t  f o r  t h i s  s low 
p r o d u c t i o n  regime a t  856OF from t h e  r e s u l t s  o f  t h e  l a t t e r  inves t iga-  
t o r s  g i v e s  a v a l u e  of 0.12  rnin.-l i d e n t i c a l  t o  ( k  

A p r a c t i c a l  i m p l i c a t i o n  of t h e  r e s u l t s  of th&i work is t h a t  
F i s c h e r  Assay y i e l d  i s  p robab ly  a p r a c t i c a l  uppe r  l i m i t  f o r  any  
r e t o r t i n g  p r o c e s s .  T h i s  work has  shown t h a t  a v e r y  small p a r t i c l e  
s i z e  i n c r e a s e s  o i l  y i e l d  and d e c r e a s e s  coke y i e l d ,  b u t  l o n g  r e a c t i o n  
times are n e c e s s a r y .  Low coke y i e l d s  may n o t  be  d e s i r a b l e  from over-  
a l l  h e a t  b a l a n c e  c o n s i d e r a t i o n s  i f  t h e  coke  i s  t o  be used as an  ene rgy  
s o u r c e  for t h e  p r o c e s s .  Lowering t h e  t e m p e r a t u r e  a l s o  i n c r e a s e s  oil 
y i e l d  bu t  a t  t h e  expense  of the g a s  y i e l d  and w i t h  t h e  r e q u i r e m e n t  of 
l o n g  r e a c t i o n  times. V e r y  sma l l  p a r t i c l e  s i z e s  a r e  uneconomical  
because  o f  h i g h  g r i n d i n g  c o s t s ,  and low p r o c e s s i n g  t e m p e r a t u r e s  a r e  
uneconomical  b e c a u s e  o f  t h e  l a r g e  r e a c t o r  volumes r e q u i r e d .  

T h i s  work h a s  added to  the u n d e r s t a n d i n g  of  t h e  v e r y  complex 
phenomena o c c u r r i n g  d u r i n g  oil s h a l e  r e t o r t i n g .  The s i m p l e  r e t o r t i n g  
model w i l l  be u s e f u l  i n  modeling p r o d u c t  y i e l d s  from r e t o r t i n g  pro- 
c e s s e s  h a n d l i n g  small s i z e  pa r t i c l e s  a t  h i g h  r e t o r t i n g  rates. 
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A POSSIBLE MECHANISM OF ALKENE/ALKANE PRODUCTION I N  
OIL SHALE RETORTING 

A. K. Burnham and R. L. Ward 

Lawrence L ivermore Laboratory ,  U n i v e r s i t y  o f  C a l i f o r n i a  
Livermore, C a l i f o r n i a  94550 

INTRODUCTION 

Alkene/alkane r a t i o s  have been used e x t e n s i v e l y  as i n d i c a t o r s  o f  o i l - s h a l e  
r e t o r t i n g  cond i t i ons .  
which r e l a t e s  the ethene/ethane r a t i o  t o  t h e  r e t o r t i n g  temperature. 
coworkers developed r e l a t i o n s h i p s  between ethene/ethane and propene/propane 
r a t i o s  (2),  C7 t o  C12 1-alkene/n-alkane r a t i o s  ( 3 ) ,  and t o t a l  1-,alkene/alkane 
r a t i o s  (4) and the  l o g a r i t h m  o f  the hea t ing  r a t e  du r ing  r e t o r t i n g .  Raley (5) 
developed a r e l a t i o n s h i p  between the  ethene/ethane and propene/propane r a t i o s  and 
the y i e l d  loss i n  t h e  L ivermore combustion r e t o r t s .  
demonstrated the  dependence o f  t he  C p  t o  C alkene/alkane r a t i o s  on t h e  
presence o f  oxygen d u r i n g  r e t o r t i n g .  
ethene/ethane r a t i o  t o  t h e  temperature a t  which shale o i l  c rack ing  occurs. 

The purpose o f  t h e  work repo r ted  here i s  t o  c l a r i f y  t h e  r e a c t i o n  mechanisms 
which determine the observed alkene/alkane r a t i o s  under var ious cond i t i ons .  When 
o i l  shale i s  pyro lyzed e i t h e r  i s o t h e r m a l l y  or nonisothermal ly ,  t h e  hydrocarbon and 
hydrogen, concen t ra t i ons  are a1 1 time-dependent. To determine i f  the alkene-alkane- 
hydrogen system i s  i n  e q u i l i b r i u m ,  we have measured t h e  C 1  t o  C3 hydrocarbons 
and hydrogen as a f u n c t i o n  o f  t ime f o r  o i l  shale heated a t  a constant  r a t e .  We 
have also determined t h e  e f f e c t  o f  an i n e r t  sweep gas on t h e  time-dependent 
ethene/ethane and propene/propane r a t i o s  and t h e  i n t e g r a l  1-alkene/n-alkane r a t i o s  
i n  the o i l .  
equ i l i b r i um.  We i n t e r p r e t  our r e s u l t s  i n  terms o f  a nonequ i l i b r i um f r e e  r a d i c a l  
mechanism proposed by Ra ley  (8 ) .  

Py ro l ys i s  o f  b o t h  kerogen and sha le  o i l  i s  b a s i c a l l y  a process o f  break ing 
l a r g e r  molecules i n t o  sma l le r  molecules. For the alkene-alkane-hydrogen system t o  
be i n  equ i l i b r i um,  t h e  r e a c t i o n s  which l ead  t o  e q u i l i b r i u m  must be f a s t e r  than 
those which produce t h e  sma l le r  molecular  fragments. 
s a t i s f i e d .  t he  ethene/ethane r a t i o  must s a t i s f v  t h e  c o n d i t i o n  

Jacobson, Decora and Cook (1) developed a " r e t o r t i n g  index" 
Campbell and 

Uden and co-workers (6) 

F inaqly ,  Burnham (7)  r e l a t e d  t h e  

We demonstrate t h a t  t he  C Z H ~ - C ~ H ~ - H ~  system i s  not i n  thermal 

For e q u i l i b r i u m  t o  be 

The enthalpy change o f  34 kcal /mole (9 )  f o r  t h e  CpH4 p lus  HE r e a c t i o n  
requ i res  t h a t  t he  ethene/ethane r a t i o  be a f u n c t i o n  o f  temperature w i t h  o t h e r  
cond i t i ons  constant. S ince t h e  e q u i l i b r i u m  express ion has u n i t s  o f  r e c i p r o c a l  
pressure, t h e  ethene/ethane r a t i o  should be p r o p o r t i o n a l  t o  the  amount o f  i n e r t  
d i l u e n t  if the system i s  a t  o r  near e q u i l i b r i u m .  

From a more genera l  v iewpoint ,  an alkene/alkane r a t i o  i s  determined by t h e  
r e l a t i v e  r a t e s  o f  p r o d u c t i o n  o f  t he  alkene and alkane. I n  t h e  p y r o l y s i s  o f  alkane 
mo ie t i es  v i a  a f r e e - r a d i c a l  c rack ing  mechanism, alkenes are formed b y  unimolecular  
decomposition o f  f r e e  r a d i c a l s ,  and alkanes a r e  formed by the  f r e e  r a d i c a l  
a b s t r a c t i n g  a hydrogen from another source. 
decomposition of p r i m a r y  r a d i c a l s  ( i n c l u d i n g  e t h y l ) ,  i.e., 
* 

For example, ethene i s  formed f r o m  the  

Work performed under the  auspices o f  the U.S. Department o f  Energy by t h e  
Lawrence L ivermore Laboratory  under c o n t r a c t  number W-7405-ENG-48. 
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R-C-C. -+ R. + C=C 

C-C. + H. + C=C 
and 

Ethane forms frm e t h y l  by hydrogen abs t rac t i on ,  i.e., 

C-C. + R + C-C + R. 

S im i la r l y ,  propene forms from decomposition o f  secondary f r e e  r a d i c a l s  and p ropy l  
w h i l e  propane forms from p ropy l  by hydrogen abs t rac t i on .  

The f r e e  r a d i c a l  hypothesis leads t o  two i n t e r e s t i n g  p r e d i c t i o n s :  

( a )  
s ince alkene fo rma t ion  i s  a un imolecular  r e a c t i o n  and alkane fo rma t ion  i s  
a b imolecular  reac t i on .  

(b) The alkene/alkane r a t i o s  should depend on r e t o r t i n g  temperature 
because the  a c t i v a t i o n  energies f o r  alkene fo rma t ion  are g rea te r  than t h e  
a c t i v a t i o n  energies f o r  alkane format ion.  

The alkene/alkane r a t i o s  should depend on t o t a l  organic  concen t ra t i on  

Therefore, both t h e  e q u i l i b r i u m  and f r e e - r a d i c a l  hypotheses. p r e d i c t  t h a t  t h e  
ethene/ethane r a t i o  should depend on p y r o l y s i s  temperature and i n e r t  d i l u e n t .  
However, t he  p r e d i c t i o n s  are q u a n t i t a t i v e l y  d i f f e r e n t  and can be tes ted .  

EXPERIMENTAL 

The o i l  shale used i n  these experiments was a 22 g a l / t o n  sample o f  A n v i l  Po in ts  
shale which was ground and sieved t o  c0.84 mn. 
i n  a s ta in less  s t e e l  can which had a porous f r i t  i n  t h e  bottom t o  a l l ow  gas and o i l  
t o  escape. 
programnable furnace. A constant  f low o f  N2 or A r  entered the  system e i t h e r  near 
the  bottom o f  t h e  sample can or through the  top  o f  t he  sample can. The former 
c o n f i g u r a t i o n  caused the r e t o r t i n g  t o  occur under autogenous cond i t i ons  ( a  
se l f -generated atmosphere). 
d i r e c t l y  through the sample. 
chromatograph. HE, N2, and CO were detected by a thermal c o n d u c t i v i t y  gas 
chromatograph. I c e  water and d r y  ice- isopropanol  t r a p s  preceded t h e  chromatographs. 

RESULTS 

A l i q u o t s  from 14 t o  40 g were he ld  

The sample was heated a t  a constant  r a t e  o f  1.0 o r  l.5oC/min i n  a 

The l a t t e r  c o n f i g u r a t i o n  caused t h e  sweep gas t o  pass 
Hydrocarbons were detected by a f lame i o n i z a t i o n  gas 

I 
i 
f 

The r a t e  o f  ethene and ethane evo lu t i on ,  ethene/ethane r a t i o  and hydrogen 
p a r t i a l  pressure ( r e l a t i v e  e v o l u t i o n  r a t e  o f  hydrogen t o  t o t a l  gas) a re  shown i n  
F igu re  1 f o r  o i l  shale heated a t  l.5oC/min under an autogenous atmosphere. The 
ethene/ethane r a t i o  reaches a f i r s t  minimum be fo re  the  peak C2 e v o l u t i o n  r a t e .  
I t  then increases s l i g h t l y  before reaching a second minimum about 540OC. More 
pronounced r e s u l t s  f o r  the propene/propane r a t i o  a t  1°C/min a re  shown i n  F igu re  
2. We are able t o  combine t h e  ethene/ethane r a t i o s  w i t h  the  hydrogen p a r t i a l  
pressures t o  demonstrate t h a t  t he  ethene-H ethane system i s  f a r  from thermal 
e q u i l i b r i u m  under these cond i t i ons  (typica?;y 100 t imes too  much ethene). 

requi red.  
To form an alkane by the  f r e e - r a d i c a l  mechanism, t h e r e  must be a source o f  

r e a c t i v e  hydrogen. 
increase cont inuously  w i t h  temperature. However, t he  composit ions o f  the gas and 
t h e  s o l i d  are con t inuous ly  changing which makes t h e  problem more d i f f i c u l t .  
f i r s t  minimum i n  the ethene/ethane r a t i o  occurs p r i o r  t o  the  maximum i n  o i l  

i 
P 
, 

I Therefore a nonequ i l i b r i um exp lana t ion  o f  t he  observed alkene/alkane r a t i o s  i s  

If t h i s  source i s  constant, t h e  ethene/ethane r a t i o  would 

The 
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e v o l u t i o n  b u t  near the temperature o f  a maximum i n  H S evo lu t i on  (10) .  H2S i s  
a good donor of hydrogen t o  f r e e  r a d i c a l s  (11). Pertaps t h e  second ethene/ethane 
minimum occurs because o f  a new source of r e a c t i v e  hydrogen i n  t h e  char. The 
maximum r a t e  of H2 e v o l u t i o n  f rom secondary char p y r o l y s i s  ( 2 )  occurs a t  about 
t h e  same temperature as t h e  second minimum observed i n  the alkene/alkane r a t i o s .  

increased by t h e  a d d i t i o n  o f  i n e r t  d i l u e n t .  
F igu re  3. The a d d i t i o n  o f  an i n e r t  sweep causes bo th  the  instantaneous values 
above 450% and the  i n t e g r a l  va lues o f  the ethene/ethane r a t i o  t o  increase. The 
i n t e g r a l  value of t h e  ethene/ethane r a t i o  increased f rom 0.21 under autogenous 
cond i t i ons  t o  0.29 i n  the slow sweep experiment and t o  0.33 i n  the  f a s t  sweep 
experiment. A value o f  0.34 f o r  t h e  ethene/ethane r a t i o  i s  obta ined by 
e x t r a p o l a t i n g  the ethene/ethane r a t i o s  o f  t he  two sweep experiments t o  zero sample 
size/sweep r a t e .  

a l so  increase w i t h  t h e  a d d i t i o n  o f  i n e r t  d i l u e n t  as shown i n  F igu re  4. Th i s  e f f e c t  
as w e l l  as the p r e v i o u s l y  demonstrated dependence on hea t ing  r a t e  i s  cons i s ten t  
w i t h  a f r e e - r a d i c a l  mechanism. However, t he  alkene/alkane r a t i o  i n  t h e  presence o f  
a sweep seems t o  show an even-odd dependence f o r  reasons which we do no t  p resen t l y  
understand. 

The f ree - rad i ca l  mechanism a l so  p r e d i c t s  t h a t  t he  ethene/ethane r a t i o  should be 
This e f f e c t  i s  demonstrated i n  

The 1-alkene/n-alkane r a t i o s  i n  t h e  o i l  as measured by c a p i l l a r y  column GC/MS 

DISCUSSION 

The general obse rva t i on  t h a t  temperature and i n e r t  d i l u e n t  a f f e c t  t h e  
ethene/ethane r a t i o  i s  u s e f u l  f o r  c o r r e l a t i n g  var ious data i n  the l i t e r a t u r e .  An 
Arrhenius p l o t  demonstrat ing t h e  dependence o f  t he  ethene/ethane r a t i o  on both 
temperature and sweep gas i s  g iven i n  F igu re  5. 
temperature o f  maximum e v o l u t i o n  r a t e  as the  e f f e c t i v e  temperature o f  r e t o r t i n g  f o r  
t he  nonisothermal experiments (7).  The r a t i o  from a l l  r e t o r t i n g  and c rack ing  
experiments under autogenous c o n d i t i o n s  (o r  n e a r l y  so) can be descr ibed t o  w i t h i n  
20% by a s i n g l e  A r rhen ius  express ion w i t h  an a c t i v a t i o n  energy o f  11 kcal/mole. 
This energy i s  s u b s t a n t i  a l l y  lower than the e tha lpy  o f  the ethane-H2-ethene 
r e a c t i o n  (34 kcal/mole). 

l i e s  s u b s t a n t i a l l y  ( 2  t o  3 t imes)  above t h i s  l i n e .  
o r i g i n a l  i n t e r p r e t a t i o n  o f  Jacobson e t  a1 ( 1 )  t h a t  res idence t ime and ex ten t  o f  
secondary c rack ing  causes t h i s  e f f e c t .  We have p r e v i o u s l y  shown (7 )  t h a t  t he  
ethene/ethane r a t i o  d u r i n g  c r a c k i n g  i s  n o t  a s t rong  f u n c t i o n  o f  res idence t ime  a t  
constant temperature. Instead,  t h e  e f f e c t  i s  most l i k e l y  caused by t h e  steam 
d i l u e n t  as o u t l i n e d  i n  p r e d i c t i o n  (a )  above. To con f i rm  our explanat ion,  we show 
the  ethene/ethane r a t i o  from the  i n f i n i t e  d i l u t i o n  e x t r a p o l a t i o n  o f  our  N2 sweep 
experiments. This p o i n t  shown as a b lack  c i r c l e  i n  F igu re  5 i s  r o u g h l y  cons is ten t  
w i t h  an e x t r a p o l a t i o n  o f  the en t ra ined  s o l i d s  data t o  low temperature. 

an i n d i c a t o r  o f  r e t o r t i n g  cond i t i ons .  The r e t o r t i n g  index o f  Jacobson e t  a1 (1) 
should work we l l  f o r  r e t o r t i n g  under autogenous cond i t i ons  as i n  a Tosco o r  Lu rg i  
Process. 
The case of a combustion r e t o r t  i s  more complicated. For  p a r t i c l e  s i zes  g rea te r  
than about 2 or 3 cent imeters,  r e t o r t i n g  occurs under autogenous cond i t i ons ,  
regard less of sweep, because o f  d i f f u s i o n  l i m i t a t i o n s .  
shale o i l  c rack ing  a l so  occurs a t  t h e  i n t e r f a c e  o f  the combustion and kerogen 
p y r o l y s i s  zones. Th is  produces l o c a l l y  h igh  ethene/ethane r a t i o s  due t o  h igh  
temperatures, i n e r t  d i l u e n t  and perhaps o x i d a t i v e  dehydrogenation. 
ethane r a t i o  a t  the e x i t  depends on the amounts o f  C2's produced by bo th  kerogen 
Py ro l ys i s  and shale o i l  c r a c k i n g  a t  the combust ion-o i l  generat ion i n t e r f a c e  and t h e  
cond i t i ons  e x i s t i n g  a t  b o t h  l oca t i ons .  Low ethene/ethane r a t i o s  produced a t  low 
hea t ing  r a t e s  when i n t r a p a r t i c l e  cok ing occurs can be negated by h igh  r a t i o s  
produced du r ing  o i l  c r a c k i n g  i n  t h e  gas stream. 
r e l a t i o n s h i p  between o i l  d e s t r u c t i o n  i n  a combustion r e t o r t  and the  ethene/ethane 
r a t i o  must be used w i t h  c a u t i o n  when bo th  cok ing and c rack ing  occur. 

I n  making t h i s  p l o t  we used the  

The ethene/ethane r a t i o  f rom t h e  Bureau o f  Mines en t ra ined  s o l i d s  r e t o r t  (12) 
We do not  agree w i t h  t h e  

These f ind ings have c e r t a i n  i m p l i c a t i o n s  f o r  t h e  use o f  ethene/ethane r a t i o s  as 

I t does no t  work i n  a r e t o r t i n g  process where i n e r t  d i l u e n t  i s  added. 

When o i l  combustion occurs, 

The ethene/ 

Therefore, any emp i r i ca l  
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Figure 3 
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A COMPARISON OF NATURALLY OCCURRING 
SHALE BITUMEN ASPHALTENE AND RETORTED SHALE OIL ASPHALTENE 

mesh s i z e  p r i o r  t o  so lven t  e x t r a c t i o n  o r  r e t o r t i n g .  
I 

3 A. Solvent Extract ion 
The s h a l e  (130 g) was Soxhlet  ex t r ac t ed  with 90% benzene: 10% methanol 

(300 ml) f o r  72 h r s .  S ix  s e t s  o f  Soxhlet  e x t r a c t i o n  were c a r r i e d  o u t  t o  a f fo rd  

Feng Fang Shue and Teh Fu Yen 

Environmental and Chemical Engineering 
Universi ty  o f  Southern Ca l i fo rn ia  

Los Angeles, CA 90007 

INTRODUCTION 

Asphaltene i s  usua l ly  defined as  t h e  pentane so lub le  and benzene in so lub le  
I f r a c t i o n  of crude o i l .  

f u l l y  understood. Since asphal tene i s  gene ra l ly  recognized a s  t h e  t r a n s i t i o n a l  
s t a g e  from f o s s i l  f u e l  source t o  o i l  products (1 ,2 ) ,  knowledge of  t h e  molecular 
s t r u c t u r e  of  asphal tene is e s s e n t i a l  t o  t h e  understanding of  i t s  occurrence and 
t r a n s i t i o n .  

The molecular s t r u c t u r e  o f  t h i s  ma te r i a l  has no t  y e t  been 

The majori ty  o f  t h e  organic  ma te r i a l  i n  o i l  s h a l e  i s  known a s  kerogen (or -  
ganic  solvent  i n so lub le  f r a c t i o n ) .  Bitumen (organic  so lven t  so lub le  f r a c t i o n )  
gene ra l ly  comprises only a small  p a r t  of t h e  t o t a l  organic  mat ter  i n  o i l  sha l e .  
During r e t o r t i n g  (thermal cracking) ,  kerogen and bitumen undergo thermal decompo- 
s i t i o n  t o  o i l ,  gas and carbon r e s idue .  According t o  a number of i n v e s t i g a t o r s  
(3-5),  t he  mechanism f o r  thermal cracking o f  t he  o i l  s h a l e  i s  by decomposition 
o f  t h e  kerogen t o  bitumen, gas and carbon r e s idue  and subsequently decomposition 
o f  t h e  bitumen t o  o i l ,  gas and coke. Asphaltene i s  ubiqui tously p re sen t  i n  both 
t h e  na tu ra l  occurr ing bitumen and t h e  r e t o r t e d  s h a l e  o i l .  Very few cases  f o r  t h e  
comparison of asphal tene p rope r t i e s  a r e  ava i l ab le  i n  t h e  l i t e r a t u r e  ( 6 - 8 ) .  In 
t h i s  r e sea rch ,  a comparison of  t h e  s h a l e  bitumen asphal tene and t h e  r e t o r t e d  sha le  
o i l  asphal tene has been undertaken t o  i n v e s t i g a t e  s t r u c t u r a l  changes during t h e r -  
mal cracking.  

I t  i s  a n t i c i p a t e d  t h a t  information obtained from t h i s  type o f  research w i l l  
be he lp fu l  f o r  t h e  production and r e f in ing  of  s h a l e  o i l .  
and i t s  s t r u c t u r e  may be an use fu l  i n d i c a t o r  toward t h e  s e v e r i t y  of  temperature 
e f f e c t  during r e t o r t i n g  o r  t reatment .  

The r o l e  of  asphal tene 

EXPERIMENTS 



t i p  i s  roughly i n  t h e  middle of  t h e  r e t o r t .  The temperature was r a i s e d  r ap id ly  t o  
425OC i n  one experiment and t o  500OC i n  another  experiment over  h a l f  an hour and 
maintained t h e s e  f o r  t h r e e  hours.  A i r  e n t e r s  through the  top of  t h e  chamber a t  a 
flow ra t e  of  1 ml/sec and moves downward toge the r  with the  product o i l  through 
the  cooling column. 
i n t o  a r e c e i v e r .  
not co l l ec t ed .  The c o l l e c t e d  o i l  was separated from t h e  water  phase by ex t r ac t ion  
with benzene i n  a s epa ra to ry  funnel .  

C .  I s o l a t i o n  of Asphaltene 

A sample of  t h e  s h a l e  bitumen o r  r e t o r t e d  s h a l e  o i l  was p r e c i p i t a t e d  with 20-fold 
volume o f  n-pentane.  The o i l / r e s i n  (pentane soluble)  f r a c t i o n  was separated from 
the p r e c i p i t a t e  by f i l t r a t i o n  and soxh le t  e x t r a c t i o n  with n-pentane. 
(pentane in so lub le ,  benzene so lub le )  f r a c t i o n  was obtained by soxhlet  e x t r a c t i o n  of 
t he  residue with benzene. 
v i a t ed  as Bi tu ,  R425, and R500 r ep resen t ing  bitumen asphal tene and asphal tenes  
derived from s h a l e  o i l  r e t o r t e d  a t  425OC and 5OO0C respec t ive ly .  

D .  Physical  and Chemical Analysis ' 

Cal i fo rn ia .  
molecular weight .  I R  s p e c t r a  were recorded a t  a concentrat ion of  25 mg/ml i n  CM2C12 
using 0 .5  mm NaCl c e l l s  on a Beckman Acculab 6 instrument.  IH NMR s p e c t r a  were ob- 
t a ined  from a Varian XL-100 spectrometer  with CD2C12 as so lven t  and i n t e r n a l  r e f e r -  
ence (residue peak a t  5 . 3  ppm) . 13C NMR s p e c t r a  were obtained from a Varian XL-100 
u n i t ,  with b u i l t - i n  minicomputer, operated a t  25.2MHz. For a l l  samples CDC13 is used 
as  solvent  and i n t e r n a l  r e fe rence  ( c e n t r a l  peak a t  77.2 ppm). A sample o f  asphaltene 
(0.5 g) was dissolved i n  2.5 m l  of  C D C 1 3  with 35 mg of  Cr(acac)3 addedto i t .  To 
obtain r e l i a b l e  q u a n t i t a t i v e  r e s u l t s ,  a delay time of 4 sec  a f t e r  each 35O pulse  
and 0.68 sec  a c q u i s i t i o n  time w a s  used i n  t h e  gated decoupling sequence. 

The product  o i l  was co l l ec t ed  a t  t h e  bottom of  t h e  r e t o r t  
The product gas  was passed through ac id  and base t r a p s  but  was 

The a spha l t enes  were i s o l a t e d  according t o  t h e  modified procedure (9,lO).  

The asphaltcne 

In  t h e  fol lowing t e x t ,  t h e s e  asphal tenes  w i l l  be abbre- 

The elemental  analyses  were done by Elek Microanalyt ical  Laborator ies ,  Torrance, 
A Mechrolab Model 301A Vapor Pressure Osmometer was used t o  determine 

.- 

RESULTS 

Frac t iona t ion  o f  t h e  t h r e e  samples afforded t h e  asphal tene f r a c t i o n  cons i tu t -  
ing 7.3%, 0.39%, and 0.74% by weight f o r  t h e  s h a l e  bitumen, s h a l e  o i l s  r e t o r t e d  
a t  425OC and 5OO0C r e s p e c t i v e l y .  

A .  Elemental Composition 

R500 are  presented i n  Table I .  

B. I n f r a red  Spectra  

f o r  comparison. 
bands a r e  centered a t  3600 cm-1 a t t r i b u t e d  t o  phenol ic  0-H absorpt ion,  3460 cm-l 
a t t r i b u t e d  t o  p y r r o l i c  N-H absorpt ion,  3180 cm-l a t t r i b u t e d  t o  hydrogen-bonded 0 - H  
o r  N-H absorpt ion,  2925 cm-l and 2860 cm-I due t o  asymmetric and symmetric C-H 
s t r e t ch ing ,  1800 cm-l t o  1600 cm-l a t t r i b u t e d  t o  carbonyl C=O s t r e t c h i n g ,  1400 cm-l 
t o  1480 cm-' a t t r i b u t e d  t o  C-H bending and 1375 cm-l a t t r i b u t e d  t o  symmetric bending 
of t h e  methyl groups. 
among t h e  t h r e e  asphal tene samples a r e  shown i n  Talbe 11. 

C.  1~ NMR Spectra  

con t r ibu t ions  from p ro tons  a s soc ia t ed  with hetero-atoms can be discounted, proton 

Elemental Analysis  d a t a  f o r  t h e  t h r e e  asphal tene samples - Bitu,  R425, and 

I n f r a r e d  s p e c t r a  o f  t h e  t h r e e  a spha l t ene  samples a r e  presented i n  Figure 1 
A number of  wel l  def ined bands appear i n  a l l  t h r e e  s p e c t r a .  These 

Differences i n  t h e  abso rp t ion  i n t e n s i t i e s  of  t hese  peaks 

The proton nmr s p e c t r a  o f  Bi tu ,  R425 and R500 a r e  shown i n  Figures 2-4. I f  
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types i n  t h e  nmr s p e c t r a  can be divided i n t o  four  groups: aromatic  pro tons  (HA), 
a lpha  a lkyl  protons (Ha ), methyl pro tons  i n  t h e  g a m a  p o s i t i o n  o r  f a r t h e r  from 
the  aromatic r i n g  (tly ) and o t h e r  a l k y l  pro tons  represent ing  pr imar i ly  t h e  methylene 
protons which a r e  b e t a  or f a r t h e r  from t h e  aromatic  r i n g  (Hg ) (11) .  Frac t iona l  
proton d i s t r i b u t i o n  were c a l c u l a t e d  d i r e c t l y  from t h e  i n t e g r a t i o n  curves.  The sepa- 
r a t i o n  poin t  was chosen semi-empir ical ly  f o r  t h e  Ha and H e  bands a t  1 . 9  ppm and f o r  
the  Hg and Hy bands a t  1 . 0  ppm from t h e  determinat ion o f  t h e  band shapes and a r e a s .  
Frac t iona l  proton d i s t r i b u t i o n  of t h e  t h r e e  asphal tene  samples are presented i n  
Table 111. 

D. 13c NMR Spectroscopy 
Carbon-13 nmr s p e c t r a  of t h e  Bitu and R500 samples are presented  i n  Figures  

For the  carbon group assignments, we have used t h e  scheme developed by Ladner 

Aromat ic i t ies  determined d i r e c t l y  by 13C NMR a r e  0.24, 0.51, 

5 ,6 .  
and coworkers ( 1 2 ) .  
presented i n  Table V.  
and 0.60 f o r  Bi tu ,  R425, and RSo0 r e s p e c t i v e l y .  

Carbon d i s t r i b u t i o n s  der ived from t h e  13C nmr s p e c t r a  a r e  

DISCUSSION 

The r e s u l t s  of  t h e  elemental  a n a l y s i s  i n d i c a t e  t h a t  asphal tenes  der ived  from 
r e t o r t e d  s h a l e  o i l s  have smal le r  H/C r a t i o  and smaller oxygen and s u l f u r  conten ts ,  
but g r e a t e r  n i t rogen  content  than  t h a t  der ived  from s h a l e  bitumen. I t  seems t h a t  
some of  t h e  oxygen and s u l f u r  a r e  e l imina ted  as water  and hydrogen s u l f i d e  during 
the  r e t o r t i n g  process .  I t  remains unc lear  (13) whether t h e  g r e a t e r  n i t rogen  content  
a r i s e s  from incorpora t ion  of  n i t r o g e n  gas  from t h e  a i r  or from temperature  e f f e c t  
as suggested by H i l l  (14) - "Nitrogen i n  t h e  kerogen is present  i n  molecules o f  
very high molecular weight which tend t o  remain i n  t h e  s h a l e  a t  temperatures  below 
800°F. " 

The r e t o r t e d  s h a l e  o i l  asphal tenes  have g r e a t e r  p y r r o l i c  N-H and hydrogen 
bonded 0-H o r  N-H absorpt ion than  t h e  s h a l e  bitumen asphal tene  as revea led  i n  t h e  
I R  s p e c t r a .  Band shapes f o r  t h e  carbonyl s t r e t c h i n g  region o f  t h e  t h r e e  samples 
a l s o  show remarkable d i f f e r e n c e s .  S ince  it i s  wel l  known t h a t  e i t h e r  hydrogen 
bonding o r  conjugat ion wi th  an  o l e f i n i c  or  phenyl group causes  a s h i f t  of t h e  carbonyl 
absorpt ion a t  lower f requencies ,  t h e  r e s u l t  seems t o  i n d i c a t e  a r e l a t i v e l y  g r e a t e r  
proport ion of hydrogen bonded and/or conjugated carbonyl groups f o r  R425 and R500 
than f o r  Bitu. 
a s  measured by absorbance at 1375 cm-l. 

The CH,/CH2 r a t i o  is a l s o  increased f o r  R425 and R500 than  f o r  Bi tu  

In  combination with average molecular  weight and elemental  compositions, t h e  
1 H  nmr da ta  can be used t o  d e r i v e  some average s t r u c t u r a l  parameters :  a romat ic i ty  
( fa) ,degree o f  s u b s t i t u t i o n  o f  t h e  aromatic  s h e e t  ( u ) ,  number o f  carbon atoms per 
a l k y l  s u s t i t u e n t  ( n ) ,  r a t i o  o f  p e r i p h e r a l  carbon atoms per aromatic  s h e e t  t o  t o t a l  
aromatic carbons (Haru/Ca ),  and number o f  aromatic  r i n g  p e r  molecule (RA) can be 
ca lcu la ted  by the  modifierBrown-Ladner (15) method a s  descr ibed i n  Eq.  (1 ) - (5) .  

C/H -Ha/2 - Hg/2 - Hy/3 Hal 2 
f =  (1)  u =  (2) 

C I H  HA + Ha / 2  

HA + Ha / 2  
(4) 

H a / 2  + H g / 2  + Hy/3 
n =  (3) - - 

Ha 1 2 Car CIH - Hal2 - HBI2 - HyI3 

Ha, 

Car 
1 - -  

R = CA + 1 (5) CA = t o t a l  number o f  aromatic  carbons 

9 1  
2 A 



In these  c a l c u l a t i o n s ,  it i s  assumed t h a t  each carbon atom alpha t o  an 
aromatic r ing  c a r r i e s  two p ro tons .  The atomic r a t i o  o f  proton t o  carbon in  the 
Hg f r a c t i o n  is a l s o  assumed t o  be 2 .  The ca l cu la t ed  average p rope r t i e s  a r e  shown 
i n  Table I V .  On t he  b a s i s  of  t h e s e  ca l cu la t ed  average p r o p e r t i e s ,  t h e  r e t o r t e d  
s h a l e  o i l  asphal tenes  have r e l a t i v e l y  h ighe r  a romat i c i ty ,  lower degree of  subs- 
t i t u t i o n  of  t he  aromatic s h e e t  and s h o r t e r  a l k y l  s u b s t i t u t e n t s .  Based on these 
s t r u c t u r a l  p r o p e r t i e s ,  t he  main r e a c t i o n s  occurred i n  t h e  r e t o r t i n g  process a r e  
carbon-carbon bond f i s s i o n  and in t r amolecu la r  aromatizat ion.  

The 13C chemical s h i f t  range 168-210 ppm contains  carbonyl resonance which 
was observed i n  Bitu b u t  no t  i n  R500, suggest ing t h a t  carbonyl groups a r e  very 
l i k e l y  l a b i l e  t he rma l ly .  In  t h e  r e t o r t i n g  process ,  t h e  carbonyl groups may be 
involved i n  r i n g  c losu re  by in t r amolecu la r  F r i ede l -Cra f t s  acy la t ion  and subsequently 
reduced by hydrogen generated by aromatizat ion wi th in  t h e  system. The absence of 
t h e  carbonyl resonance in  t h e  1% nmr spectrum of R500 does not prove t h e  absence 
o f  t h e  carbonyl group i n  t h i s  sample, s i n c e  carbonyl carbons gene ra l ly  have very 
long r e l axa t ion  t imes and a r e  undetectable  by l3C nmr. 

The chemical s h i f t  ranging from 148-168 ppm con ta ins  mainly resonances from 
aromatic carbons jo ined  t o  hydroxyl ic  o r  e t h e r i c  oxygen. 
t h e  bulk of  resonance occurred between 148 and 159 ppm ind ica t ing  t h a t  t he re  a r e  
much more phenols than aromatic e t h e r s  s i n c e  t h e  l a t t e r  should r e sona te  predominantly 
between 159 and 168 ppm. The percentage of phenol ic  carbon i s  g r e a t e r  f o r  R500 
(- 2.8% of  t o t a l  carbons) than f o r  Bitu (- 1.1% of t o t a l  carbons) ,  which may account 
f o r  t h e  g r e a t e r  hydrogen bonding tendency o f  R500 a s  de t ec t ed  by IR. 

Both Bitu and R500 have 

I n  the  a l i p h a t i c  carbon region,  t h e  most prominent s igna l  f o r  Bi tu  is  a 
sharp peak a t  29.6 - 29.8 pprn a t t r i b u t e d  t o  nethylene carbons y or f u r t h e r  from an 
aromatic r i n g  and 6 
at  l e a s t  7 carbon long. 
bons. The t o t a l  i n t e n s i t y  of  t h e  9-22.5 ppm range a t t r i b u t e d  t o  methyl carbons 
accounts f o r  40.6% and 16.7% o f  t h e  t o t a l  a l i p h a t i c  carbons for R500 and Bitu r e s -  
pec t ive ly .  ?he r e s u l t  i s  c o n s i s t e n t  with a longer  average a lky l  chain length f o r  
B i tu  as ca l cu la t ed  by p ro ton  nmr. 

o r  f u r t h e r  from t h e  terminal  C H 3  group in  n -a lky l  chains of  
The a r e a  under t h i s  peak i s  6% o f  t h e  t o t a l  a l i p h a t i c  c a r -  

I 

A comparison o f  t h e  a romat i c i ty  determined by I 3 C  and IH nmr r evea l s  t h a t  
although t h e  agreement is r a t h e r  good f o r  R500, t h e  a romat i c i ty  determined by 1 H  
nmr i s  smaller  t han  t h a t  determined by 13C nmr f o r  Bi tu .  
t h e  aromatic proton (HA) o f  B i tu  c o n s t i t u t e s  only a very small percentage of t h e  
t o t a l  proton,  t h e  e f f e c t  o f  phenol OH and amide NH t o  t h e  content  of  HA is accentu- 
a t e d .  
but ion from phenol OH nad amide NH t o  t h e  HA content  i s  neglected i n  t h e  above 
ca l cu la t ion .  For R425 and R500, t he  e f f e c t  of phenol OH and amide NH i s  perhaps 
compensated by t h e  g r e a t e r  number of methyl s u b s t i t u e n t s  and the re fo re  a good agree- 
ment i n  a romat i c i ty  is obtained.  For B i tu ,  some of  t h e  average parameters would 
be i n  error as a r e s u l t  o f  t h e  r e l a t i v e l y  g r e a t e r  con t r ibu t ion  o f  phenol OH and 
amide NH t o  the value o f  HA. For in s t ance ,  f a  would be t o o  high,  Ham/Car too  low 
and RA t oo  l a rge .  

I t  i s  l i k e l y  t h a t  s ince  

For Bitu,  t h e  a romat i c i ty  determined by l H  nmr i s  too l a rge  because c o n t r i -  
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Table 1. Elemental  C o q o s i r i o n s  Of  Sha le  
O i l  k D h a l t e n c s  

Situ '425 '500 

C= 74.53 76.50 78.22 

Ha 8.86 7.97 7.02 

Y= 2.71 4.49 5.03 

Sa 1.80 1.37 1.08 

$ . C  10.32 8.01 7.71 

Asha 1.78 1.59 0.94 

H/C 1 .42  1.25 1.08 

N / C  0.031 0.050 0.055 

s/c 0.009 0.0067 0.0052 

o/c 0.104 0.079 0.074 

1101 461 662 hblecular  
Weight 

] C69.6H98.5N2.250.607.2 C40.6H43.9?12.2S0.203,0 

Formula C29.8H37.~q0.5S0.202.4 

a percent by weight 

by WO in  benzene 

by d i f fe rence  

Table 111. F r a c t i o n a l  Pmton D i s t r i b u t i o n  
of Shale O i l  A l p h a l t e m s  

R425 RSOO 
Proton Type S i t u  

0.046 0.145 0.179 HA 

Ho 0.204 0.337 0.402 

0.525 0.389 0.530 HE 

HY 0.225 0.129 0.089 

Table 11. I R  Absorbance of S h a h  O i l  
k p h n l t e n c r  

Ifavonumbor 
(M-1) '425 RSOO 

3500 

3460 

3180 

2925 

2860 

1700 

1650 

1600 

1440 

1375 

0.06 0.10 0.07 

0.08 0.20 0.24 

0.10 0.15 0.18 

1.76 1.19 0.91 

0.88 0.64 0.54 

0.61 0.59 0.38 

0.34 0.54 0.61 

0.30 0.52 0.63 

0.53 0.54 0.54 

0.35 0.42 0.55 

Tabla I V .  Avcr~po S t r u c t u r a l  Parameters 
of Shale  O i l  k p h a l t c n e r  

B i t "  '425 R500 

0.38 0.49 0.57 f a  

f,(C)' 0.24 0.51 0.60 

a 0.69 0.54 0.53 

" 4.31 2 . 4 1  1.97 

0.80 0.71 Haru 

'A 

o.56 

6.8 2.5 4 . 4  

RA!C)P 4.7 2 . 5  4 . 5  

a Calcula ted  according t o  the  a m m a t i c i t y  determined 

bv m. 
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Table V. Fractional Carbon Disbriburion of Simlc O i l  Asphal tenel  

Assignments 

R500 - Ritu 

Chemical : Of : of  \ Of : of 
S h i f t  total  s l l p h o t i c  total a l i p h a t i c  

carbon carbon carbon carbon 

Carbonyl 

Aromatic C-0 

Mainly aromatic c-c 
Mainly aromatic C-11 

01 i n  a l k y l  grwpr (except i s o - a l k y l s )  end 
naphthenic r ings.  Ring  j o i n i n g  a I 2 .  M2 
i n  a l k y l  groirps adjacent to QI. 

ai i n  a lkyl  groups not adjacent to UI (except 
:om o ai end QI 
i n  a lky l  &ps .*C41. 
erhylciie gruiips a Cll2 and al. 
a m m a t i s  r ings .  Naphthenic UIz. 

odjsccnr to r e m i n d  M 
(112 i n  r i n g  joinin8 

0 CII I n  hydro- 

Naphthenic Ul2. Shieldsd a Cll 0 Cllz i n  
indan and propyl gmup E ai:;" i ra -propyl  

ai2 adjacent t o  t e rmina l  ai3 i n  a l k y l  vroupi 
> C4. 0 a12 i n  u n r u h r t i t u t c d  t e f r a l i n  
stmctures. 
thenie rirgs.  

aiJ on h y d r o n r o u t i c  and naph- 

0 013 not sh ie lded  by any adjacent r i n g s  
or gmupi. 

(I aI3 sh ie lded  by I adjacent r i n g  or gmup. 

B Cli3 in e t h y l  gmups 

a UI shielded by 2 adjacent rings or groups  
UI: Y or f u r t h e r  from an a m m a r i f  r lng .  

168-210 

148-168 

129.5-148 

100-129.5 

37-60 

27.5-37 

24-27.5 

22.5-24 

20.5-22.5 

18-20.5 

15-18 

9-15 

L I I I I I I  
4000 3000 2000 I800 1600 1400 1200 1000 

_ _  1.3 

1.1 2.8 

10.1 20.8 

12.7 S . 0  

17.3 23.2 6 . 7  16.6 

45.4 12.8 51.6 33.9 

8.0 10.7 3.3 8.1 

2 .9  3 .9 1.3 3.1 

4.5 6.0 3.2 7.8 

4.0 5.4 3.7 9 . 1  

2.7 3.6 3 . 3  8 . 1  

1 . 3  1.7 6 . 1  15.6 
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Figure 1. IR Spectra of Shale  Oil Asphai tenel  
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I I I I 1 I I I 1 I 
9.0 8.0 7..n 6,o 5 . 0  4 . 0  3 .0  2 . 0  1.0 0 . 0  

Chemical S h i f t  ppm 

Figure 2 .  'H NHR Specrrwn a f  Arphaltene From Shale B l t ~ m e n ( B i r u ) .  I 

I 1 I I 1 I I I I I 
9.11 8 . 0  7.0 6.0 5 . 0  4.n 3.0 2.0 1.0 0.0 

Chemical S h i f t  ppm 

FiKure 3.  'H h*IR Spectnllo of Alphaltme From Shale Oil  Retorted a t  125 '  C(RIIS). 

I 1 I I I I I I I I 
II,O 8..0 7,n 6,0 5 . 0  4.0 3.0 2.0 1.0 0 . 0  

Chemical S h i f t  ppm 

Figure 4 .  '11 NMR Spectrum of  Arphaltcne From Shale O i l  Retorted a t  500. C(R50,1) .  
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Chemical Shift ppm 

Figura 5 .  "C NMR Spectrum of Asphaltene From Shale BitumenlBitul. 
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80 60 40 20 

Chemical Shift ppm 

Figure 6 .  "C NIW Spectrum of Arphaltene From Shale Oil Retorted at 500. C(RIOO). 
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THE KINETICS O F  O I L  S H A L E  CHAR GASIFICATION 

W .  J .  Thomson, M .  A .  Gerber, M .  M .  I ia t ter ,  D .  6 .  Oakes 

University of I d a h o ,  Moscow, I d a h o  83843 

INTRODUCTION 

ce r t a in  f r ac t ion  of the organic carbon i s  l e f t  behind on the re tor ted  shale .  This 
"char" contains a s i g n i f i c a n t  f r ac t ion  of the ava i l ab le  energy in the raw shale a n d  
can ac tua l ly  supply a l l  the  energy f o r  t h e  re tor t ing  process f o r  sha les  assdyed a t  
20 gallons/ton or  g rea t e r  ( 1 ) .  To recover t h i s  energy, t he  char can be burned in 
a i r  or gas i f ied  in 02-steam environments; the l a t t e r  in  order t o  produce a low t o  
inediuin BTU gas which can be burned elsewhere i n  the  p l a n t .  
been conducting k ine t i c  s tud ie s  of the reac t ions  of o i l  sha le  c h a r  in a n  on-going 
research prograin under the sponsorship of DOE. 
of our oxidation experiments (2) and here we will  repor t  on our work with C O 2  a n d  
steani gas i f i ca t ion  of the  char .  

EXPERIMENTAL 
All of the gas i f i ca t ion  experiments were conducted with the same apparatus em- 

ployed i n  the  e a r l i e r  oxidation work a n d  has been described i n  de t a i l  elsewhere ( 2 ) .  
As before,  powdered sha le  saniples (200 mesh) of previously re tor ted  c i l  shale froiii 
the Parachute Creek lneniber in Colorado were suspended from a n  electrobalance a n d  
placed i n  a furnace.  In t h i s  way continuous gravilnetric readings were ava i lab le  t o  
monitor t he  consulliption of the char.  The off-gases were analyzed o n  a Cat:le gas 
chromatograph equipped with a Carbosieve B column. The re tor ted  raw sha le  assayed 
a t  50 GPT and was exposed t o  C02 pressures as high as 100 KPa a n d  H20 pressures as 
high as 75 K P a .  Because there  was evidence of the  water gas s h i f t  reaction during 
steani gas i f i ca t ion ,  separa te  experiments were a l s o  conducted in  order t o  determine 
the r a t e  o f  t h i s  reac t ion  as a function of temperature and concentration of the re-  
a c t a n t  gases.  

Since the char reac t ions  can be accompanied by mineral deconposition reac t ions ,  
every atteiiipt was ttiade t o  i s o l a t e  the per t inent  reac t ions .  
ca t ion  the shale was f i r s t  ra i sed  t o  900 K in a helium environment i n  order t o  allow 
i r r eve r s ib l e  dolomite decomposition t o  take  place.  The predetermined COZ-He m i x  w a s  
then fed to  the reac tor  a n d  the temperature was ra i sed  t o  the desired value.  Since 
steam gas i f i ca t ion  takes place a t  elevated temperatures ( 1 3 7 5 K )  i t  was necessary t o  
f i r s t  decompose the c a l c i t e  present i n  t he  shale t o  CaO. I f  t h i s  was not done, then 
c a l c i t e  decomposition would have occurred siiiiultaneously with steam gas i f i ca t ion .  
This was accomplished i n  a heliuln environinent a t  950K, a teniperature high enough f o r  
c a l c i t e  decomposition but low enough t o  lnininiize char consumption v i a  Cop gas i f i ca -  
t i on .  A few experiments were a l s o  conducted on acid leached sha le .  Here the sha le  
was f i r s t  soaked in e i t h e r  HC1 o r  H2SO4 which removed C a ,  Fe and Mg in  the  former 
case or converted these  eleliients t o  t h e i r  su l f a t e s  i n  the l a t t e r .  Studies of the 
water gas  s h i f t  reac t ion  were conducted a f t e r  reac t ing  the c a l c i t e  with the s i l i c a  
present in  the sha le  t o  form i n e r t  s i l i c a t e s .  For tlicse experiments the shale was 
f i r s t  decharred in 10% 02 a t  700K a n d  then heated t o  1150K i n  one atmosphere of C O 2  
for 12 hours. The presence of COP prevented decomposition of c a l c i t e  t o  CaO during 
t h i s  procedure. The sha le  was then cooled t o  the desired temperature arid various 
C O / H ~ O / C O ~ / H Z  iiiixtures were adiiii t t ed  t o  t he  r eac to r .  

RESULTS 
The r a t e  expression given in Equation 2 )  vias f o u n d  t o  give a 

good cor re la t ion  o f  the  da t a ,  where rcc i s  the C02-char reaction r a t e  in nioles/iiiin., 

During oi l  sha le  r e to r t ing ,  whether i t  be by in - s i tu  or sur face  techniques, a 

Consequently we have 

Ea r l i e r  we reported on the  r e su l t s  

When studying C O 2  g a s i f i -  

co7 Gas i f ica t ion .  
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c i s  the  unconverted char  in moles, the  par , . i a l  pressures are in k i lopasca ls  and the 
ac t iva t ion  energy i s  i n  kcal/mole. Althoupst there  was ind isputab le  evidence o f  the  

co2 + C - 3 2 C O  1 )  

2 )  rcc - kl pcoz 
__._____ -- - 

C 

k ,  = 4.7 x lo6 exp [-44.3/RT] 

1 K1 pco2  + K2 p c o  

K1 = 0.05, K2.-0.4 

inh ib i t i ng  e f f e c t  of C O ,  the value of  K2 i s ,  a t  t h i s  t ime, only an approximation. 
form of Equation 
reported a reaction order  w i t h  r espec t  t o  Cop  of 0.2 ? . 2 .  
d ic ted  by Equation 

ponderance of H2 and CO2 with only a few percent CO.  
s i gn i f i can t  water gas s h i f t  reaction r a t e s  so t h a t  steam gas i f i ca t ion  proceeds accord- 
ing t o  Equations A separa te  deterniination of  the  r a t e  of Equation 3)  was 

The 
1 )  expla ins ,  t o  some degree,  the r e s u l t s  obtained by Burnham ( 3 )  who 

1 )  a r e  about a f ac to r  of th ree  l e s s  t h a n  those ineasured by Burnham. 
However, the  r a t e s  pre- 

Steam Gasification. Steam gas i f i ca t ion  o f  the char was found t o  produce a pre- 
This i s  apparently due t o  

3 )  and 4 ) .  
C + H 2 0 4 C O  + H2 

CO + H20+C02 .I. Hp 
3)  
4 )  

accomplished by i n i t i a l  r a t e  measurements with the  result t h a t  

k 2  = 210 exp [-20.6/RT] 
As expected, the spent sha le  prepared by the procedure described above was found t o  
catalyze the water gas s h i f t  reac t ion  and a reac t ion  r a t e  expression i s  given in  
Equation 6 ) .  k 3  ('LO 'H20 - l / K E  'H2 'c02) 6 )  rwg = 

K3 pcop + K4 'H20 

where k3 = 0 .25  exp L-19.6/RT] 

and K E  i s  the thermodynamic equilibrium cons tan t .  

zero and lOKPa, the  reac t ion  r a t e  incrsused with ingreasing Pco2. I t  i s  hypothesized 
t h a t  the  sweep gas e f f e c t s  pa r t i a l  oxidation/reduction of t he  iron present in  the  
sha le  and t h a t  iron i s  catalyzing the  s h i f t  reac t ion .  To t e s t  t h i s ,  oxidation/reduc- 
t ion  experiments of the spent sha le  were a l s o  ca r r i ed  out .  The weight changes were 
found t o  approximate those expected from the  quant i ty  of iron present and the r a t e s  
appeared t o  be f i r s t  order w i t h  respect t o  unreacted iron and reac tan t  gas concen- 
t r a t ion .  A t  1040K the r a t e  constants fo r  oxi a t ion  in CO2 and reduction in CO o r  

The steam gas i f i ca t ion  r a t e s  f o r  ac id  leached sha le  were found t o  be a s  much a s  a 
fac tor  of f i ve  lower than those measured with thermally decarbonated sha le .  This 
i s  s imi la r  t o  our e a r l i e r  measurements with char ox ida t ion (1 ) .  

mixtures of CO2 and H20 in the sweep gas. 
viously derived a t  Lawrence Livermore Laboratories ( 3 , 4 )  a s  well a s  those given here 

K3 = 0.028, K4 = 0.05 

Equation 6 )  was found t o  be valid only fo r  Pco ; 10KPa. A t  pressures between 

H2 were a l l  comparable a t  about 30 (KPa-min)- v . 

Mixed Gas i f ica t ion .  A s e r i e s  of  experinients were a l s o  conducted using various 
The overa l l  reaction r a t e  expressions pre- 
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were numerically in tegra ted  in  order t o  p r o 4 d e  a bas i s  of comparison between the two 
labora tor ies  a n d  t o  see i f  i so l a t ed  k ine t ic  experiments could be used t o  predict  mixed 
gas i f ica t ion  r e s u l t s .  

I n  general the Livermore r e s u l t s  prediLted char consumption r a t e s  which were much 
higher t h a n  those observed f o r  mixed gas i f i ca t ion  runs with Pco2 > 10KPa. The k ine t ic  
r e s u l t s  from t h i s  work gave reasonable matches t o  t he  data a t  Pco2 < 15 KPa b u t  a l so  
predicted much higher r a t e s  a t  CO2 pressures g rea t e r  than 20 KPa. 
these r e su l t s  i s  shown i n  Figure 1 fo r  a 50-50 mix of CO2 and H20 a t  980K. 
case the dashed curve corresponds t o  the pred ic t ions  of b o t h  l abo ra to r i e s  a n d  the 
experimental r e su l t s  a r e  shown as  data poin ts .  The data c l e a r l y  exh ib i t  a much 
lower char consumption r a t e  t h a n  predicted.  Also shown i n  t h i s  f igure  are  the 
predictions assuming t h a t  only COP gas i f i ca t ion  takes place.  Surprisingly the 
assumption provides a reasonable match t o  the  experimental da ta  and suggests t h a t  
the presence of CO2 i s  somehow inh ib i t i ng  steam gas i f i ca t ion .  I f ,  a s  suggested by 
our char oxidation s tud ie s  ( l ) ,  CaO a c t s  as a steam gas i f i ca t ion  c a t a l y s t ,  a n  ex- 
planation f o r  these r e s u l t s  can be given. That i s ,  the mixed gas i f i ca t ion  experi- 
ments were conducted on sha le  which had  only been subjected t o  dolomite decomposi- 
t i on .  Thus, a t  the  i n i t i a t i o n  of mixed gas i f i ca t ion  the  c a l c i t e  was s t i l l  present 
i n  the shale a n d  would not decompose a t  these temperatures i f  Pco2 >,lOKPa. Since 
t h i s  would prevent formation o f  C a O ,  there would be no c a t a l y t i c  a c t i v i t y  a n d  steam 
gas i f i ca t ion  r a t e s  could be anywhere from a f ac to r  of 3-10 lower than those measured 
in  the presence o f  CaO a n d  given by Equation 4 ) .  
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" O i l  Shale" is a t e r m  used t o  cover a wide range of  m a t e r i a l s  which are found 
i n  many p a r t s  of t h e  United S t a t e s .  The Green River  o i l  s h a l e s  are p a r t i c u l a r l y  
h igh  grade and a r e  t h e  only  U.S. d e p o s i t s  having adequate  s i z e  and a v a i l a b i l i t y  f o r  
p o t e n t i a l  commercial v a l u e  wi th  present  technology. The Green River formation con- 
t a i n s  the equiva len t  of 1.8 t r i l l i o n  b a r r e l s  of s h a l e  o i l .  Assuming t h a t  only 600 
b i l l i o n  b a r r e l s  or one t h i r d  of t h i s  o i l  i s  u l t i m a t e l y  recoverable ,  t h i s  would 
s t i l l  be 20 t i m e s  t h e  U.S. proved crude o i l  reserves .  

i n  shallow l a k e s  about 45 m i l l i o n  years  ago (L). 
v a r i e d  from s u b t r o p i c a l  t o  a r i d .  During w e t  per iods  t h e s e  l a k e s  may have been a s  
l a r g e  a s  75 t o  100 m i l e s  i n  diameter .  

Sediment, minera l  sa l t s ,  minor p l a n t  d e b r i s  and wind-transported p o l l e n  were 
c a r r i e d  i n t o  t h e  l a k e s  by s m a l l  l o c a l  streams, b u t  t h e  major i ty  of t h e  organic  
material t h a t  is i n  t h e  o i l  s h a l e  came from c o l o n i e s  of a l g a e  t h a t  t h r i v e d  in the  
l a k e s .  

t ra l  par t  of  t h e  lake .  
t h i n ,  a l t e r n a t i n g  l a y e r s  of carbonate  and organic  matter. The l a y e r s  vary  i n  thick-  
n e s s  from 0 .01  t o  10 m i l l i m e t e r s .  

The l a y e r s  are be l ieved  t o  have been formed by t h e  p r e c i p i t a t i o n  of calcium 
carbonate  i n  e a r l y  summer, when t h e  s u r f a c e  water  temperature  r i s e s ,  followed by 
t h e  seasonal  h igh  p r o d u c t i v i t y  of a lgae  which occurs  i n  l a t e  summer. 
bonate  minerals  w e r e  depos i ted  quickly;  t h e  organic  mat te r  s e t t l e d  more slowly-- 
which gave an a l t e r n a t i o n  of l i g h t  and d a r k  laminat ions.  

The t y p i c a l  composi t ion of Green River o i l  s h a l e  i s  shown i n  Table 1. The 
o r g a n i c  por t ion  of t h e  Green River o i l  s h a l e  i s  composed of around 0-5% bitumen, 
e x t r a c t a b l e  organics ,  and 95-100% kerogen, unext rac tab le  organics .  The kerogen is 
an organic  mat r ix  of h igh  molecular  weight ,  conta in ing  on the  average s e v e r a l  sa tu-  
r a t e d  r i n g s  wi th  hydrocarbon c h a i n s  having an occas iona l  i s o l a t e d  carbon-carbon 
double  bond and a l s o  c o n t a i n i n g ,  in a d d i t i o n  t o  s m a l l  amounts of n i t r o g e n  and 
s u l f u r ,  approximately 6% oxygen. There is a l s o  t h e  p o s s i b l i l i t y  t h a t  cons iderable  
amounts of non-crossl inked,  long-chain compounds are t rapped i n  t h e  matr ix .  

hydro lys is ,  then a s imple  formula weight i s  C2pHa202, and t h e  weight  r a t i o  of 
C / H  is 7.5. This  is about  what would be expec e f o r  a l g a e  der ived organics ,  
s i n c e  algae produce f a t t y  a c i d s  i n  the C range a s  w e l l  a s  o t h e r  hydrocarbons 
such a s  c a r t e n o i d s  at C o. It has  been .%own t h a t  t h e  e x t r a c t a b l e  hydrocarbons 
from o i l  s h a l e  have a bfmodal d i s t r i b u t i o n  a t  C17 and C29 suppor t ing  t h i s  con- 
t e n t i o n  (2). 
w a s  found t h a t  t h e  r a t i o  of odd t o  even number of  carbon atoms i n  t h e  e x t r a c t e d  
hydrocarbons was as h igh  as four  t o  one. A r a t i o  of one t o  one would be ex- 
pected from a n o n b i o l o g i c a l  source.  The higher  propor t ion  of t h e  odd number 
hydrocarbons would be a n t i c i p a t e d  i f  t h e i r  source  w a s  t h e  decarboxylat ion of 
a l g a l  f a t t y  a c i d s ,  s i n c e  these  a c i d s  are predominantly even number a c i d s .  

c ross l inked  t o  form kerogen? It can be seen  from t h e  kerogen formula t h a t  t h e r e  
are on t h e  average four  U n i t s  of  u n s a t u r a t i o n ,  whi le  i t  i s  known t h a t  under Some 
condi t ions  a l g a e  form f a t t y  a c i d s  t h a t  are 95% u n s a t u r a t e d ,  and wi th  some a c i d s ,  
such as arachidonic ,  an e s s e n t i a l  f a t t y  a c i d ,  t h e r e  a r e  f o u r  o l e f i n i c  l inkages .  
It has  also been shown t h a t  these  polyunsaturated a l g a l  a c i d s ,  under mild hea t ing ,  

The Green River  o i l  s h a l e  i s  a marls tone (ca lcareous  mudstone) t h a t  was formed 
The c l imate  a t  t h i s  t i m e  probably 

The organic  mat te r  found i n  t h e  Green River s h a l e s  formed i n  t h e  deeper ,  cen- 
Rocks formed under t h e s e  c o n d i t i o n s  are c h a r a c t e r i z e d  by 

The heavy car- 

I f  t h e  n i t r o g e n  and s u l f u r  are formally rep laced  by oxygen, f o r  example by 

St rong  evidence f o r  t h e  b iogenes is  of kerogen was shown when it 

An i n t e r e s t i n g  ques t ion  is:  how d i d  t h e s e  predominantly a l g a l  a c i d s  become 
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become cross l inked .  
s h a l e  r e a c t  t o  form naphthenes,  t h e  cyclic compounds found i n  kerogen. 
of t h i s  type i s  t h e  Diels-Alder r e a c t i o n  which can occur  a t  mild temperatures  (2). 
Composition of kerogen noted i n  Table 2. 
twice t h a t  of  many c o a l s ,  and t h e  oxygen c o n t e n t  is lower. 
kerogen i s  similar t o  t h a t  of coa l .  
quent ly ,  l e s s  hydrogen i s  requi red  t o  remove t h e  unwanted oxygen, n i t r o g e n  and 
s u l f u r ,  and less hydrogen is needed t o  b r i n g  t h e  carbodhydrogen  r a t i o  down t o  
va lues  required i n  l i q u i d  f u e l s  such a s  g a s o l i n e ,  t u r b i n e  and d i e s e l  f u e l s  o r  heat-  
i n g  o i l s .  

t h e  kerogen, i t  i s  necessary  t o  h e a t  t h e  s h a l e  t o  around 250°C (900'F) t o  thermally 
break up t h e  kerogen. 
(65-70%), gas  (10-15%), coke (15-20%) and water (2-7%). 

About two-thirds is l o s t  as carbon d ioxide  and about one-third a s  w a t e r .  Because 
Of t h e  l o s s  of carbon d ioxide ,  t h e  C / H  r a t i o  has  b e n e f i c i a l l y  decreased from 7.8 
i n  kerogen t o  7 . 3  i n  s h a l e  o i l .  

Some i n s i g h t  i n t o  t h e  u t i l i t y  of s h a l e  o i l  can be gained by comparing its com- 
p o s i t i o n  wi th  coal-der ived l i q u i d s  and petroleum crude o i l .  See Table 3. Two rep- 
r e s e n t a t i v e  l i q u i d  products  from c o a l  a r e  shown: COED product ,  produced by carboni- 
z a t i o n  o r  coking, which, l i k e  r e t o r t i n g  of s h a l e ,  i s  a thermal  s t e p  (A), and a 
l i q u i d  from t h e  H-Coal process  by c o a l  hydrogenat ion (5). 
i s  a l s o  shown. 

to-hydrogen r a t i o ,  and a lower s p e c i f i c  g r a v i t y  which i n d i c a t e s  t h e  absence of high 
b o i l i n g  aromatic  t a r s .  Both have h igh  pour p o i n t s ;  s h a l e  o i l  because of p a r a f f i n s ,  
COED l i q u i d  because of heavy polyaromatics .  The l i q u i d  y i e l d s  per  ton  of raw 
m a t e r i a l  mined a r e  i n  t h e  same o r d e r  of magnitude. The s o l i d  r e s i d u e  of s h a l e  re-  
t o r t i n g  i s  l a r g e l y  minera l  matter, whi le  t h e  s o l i d  r e s i d u e  from c o a l  carboniza t ion ,  
c a l l e d  a c h a r ,  i s  a usable  f u e l  conta in ing  more energy than t h e  o i l  f r a c t i o n .  Con- 
vers ion  of t h e  COED l i q u i d  product t o  t r a n s p o r t a t i o n  f u e l s ,  however, i s  a more 
d i f f i c u l t  t a s k  because of i t s  high t a r ,  lower hydrogen and h igher  h e t e r o  atom con- 
t e n t s .  

o i l  but  somewhat comparable i n  h e t e r o  atom content  even though a cons iderable  acgunt 
of  hydrogen has  a l ready  been added t o  t h e  product .  

Arabian Light crude i s  a wider b o i l i n g  material than crude s h a l e  o i l  and i s  
lower i n  a l l  he te ro  atoms except  s u l f u r .  
r a t i o  because i t  conta ins  fewer aromatics  and no o l e f i n s .  

opt imal  c e n t r i f u g i n g ,  s e t t l i n g  and f i l t e r i n g .  Next, a r s e n i c  removal i s  achieved 
wi th  a ca ta lys t -absorbent .  

conta in ing  compounds are hydrogenated over  metallic s u l f i d e  c a t a l y s t s  t o  hydrogen 
s u l f i d e ,  ammonia, water and hydrocarbons. 
are a l s o  hydrogenated. 

crude o i l  more c l o s e l y .  
as t h e  volume of hydrogen p e r  b a r r e l  of product  or t h e  number of hydrogen atoms 
absorbed per  he te ro  atom, t h a t  is ,  n i t r o g e n  p l u s  s u l f u r  p l u s  oxygen atoms. The 
r a t i o  of 10.8 exceeds t h e  t h e o r e t i c a l  hydrogen consumption because double bonds 
a r e  s a t u r a t e d  and h e t e r o  as w e l l  a s  o ther  compounds are hydrocracked. 

t o  a syncrude from c o a l .  
wi th  much less hydrogen than  would be requi red  f o r  a similar product  from coal :  
1,350 sCF p e r  b a r r e l  compared wi th  6,000 SCF p e r  b a r r e l  o r  more, and made a higher  
q u a l i t y  product ,  a s  i n d i c a t e d  by t h e  composition and carbodhydrogen  r a t i o .  

It is c l e a r  t h a t  t h e  unsa tura ted  a c i d s  on d iagenes is  i n  t h e  o i l  
One r e a c t i o n  

One b i g  advantage of s h a l e  o i l  a s  compared t o  c o a l  is t h e  more favorable  atomic 
The hydrogen conten t  of kerogen is almost  

The s u l f u r  conten t  of 
The n i t r o g e n  i s  h igher  i n  kerogen. Conse- 

Because of the  impervious n a t u r e  of t h e  o i l  s h a l e  and t h e  chemical n a t u r e  of 

Under these  condi t ions ,  kerogen decomposes to give o i l  

Also, dur ing  t h e  r e t o r t i n g  opera t ion ,  t h e r e  i s  s i g n i f i c a n t  l o s s  of oxygen. 

Arabian Light  crude o i l  

Of t h e  two thermally produced l i q u i d s ,  s h a l e  o i l  has  a b e t t e r  (lower) carbon- 

The hydrogenated product  from c o a l ,  H-Coal l i q u i d ,  is more aromatic  than s h a l e  

It has  a more favorable  carbon/hydrogen 

I n  t h e  upgrading of crude s h a l e  o i l ,  s o l i d s  removal i s  f i r s t  achieved by 

In t h e  t h i r d  s t e p ,  t h e  hydro t rea t ing  s t e p ,  t h e  s u l f u r ,  n i t r o g e n ,  and oxygen 

O l e f i n s  p r e s e n t  i n  t h e  r a w  s h a l e  o i l  

The hydro t rea ted  s h a l e  o i l  (or syncrude) now, s a v e  f o r  pour p o i n t ,  resembles 
The amount of hydrogen consumed i s  l i s t e d  i n  Table  4 e i t h e r  

The s p e c i f i c  g r a v i t y  and composition of hydro t rea ted  s h a l e  o i l  a r e  compared 
Note t h a t  w e  have converted crude s h a l e  o i l  t o  syncrude 
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The high pour p o i n t s ,  and a l s o  high v i s c o s i t i e s  of t h e  r a w  s h a l e  o i l  and 
of t h e  hydro t rea ted  s h a l e  o i l ,  a r e  a cause f o r  concern. It appears  t h a t  both t h e  
raw sha le  o i l  wi th  i t s  h igh  n i t r o g e n  c o n t e n t ,  i t s  high pour poin t  and high v i s c o s i t y  
and t h e  hydro t rea ted  s h a l e  o i l  wi th  i t s  h igh  pour poin t  may not  be s u i t a b l e  f o r  
undedicated ( t o  such o i l s )  p i p e l i n e s .  In t h e  absence of  dedica ted  p i p e l i n e s ,  
conversion t o  p i p e l i n e a b l e  products  (gaso l ine ,  d i e s e l  f u e l ,  j e t  f u e l ,  e t c . )  a t  
or near  t h e  r e t o r t i n g  s i t e  i s  one a l t e r n a t i v e .  Another is t o  s u b j e c t  t h e  raw 
s h a l e  t o  a coking o p e r a t i o n  which lowers  t h e  pour poin t  and, when followed by 
hydro t rea t ing ,  g i v e s  a low-sulfur ,  low-nitrogen o i l  of about  45'F pour poin t .  
The hydrotreated s h a l e  o i l  can be doped w i t h  a pour poin t  depressant  t o  give a 
35 t o  40°F pour p o i n t  o i l  acceptab le  i n  common c a r r i e r  p i p e l i n e s .  

c a r r i e r  p i p e l i n i n g ,  a n  o v e r a l l  l i q u i d  y i e l d  l o s s  of 15% t o  20% w i l l  be incurred.  

c u r s o r  to gasol ine .  
conten t  t o  1,000 ppm, some a d d i t i o n a l  naphtha i s  formed. The syncrude w i l l  have 
c l o s e  t o  14% naphtha which i s  somewhat s i m i l a r  i n  q u a l i t y  t o  naphtha from Light 
Arabian c rude .  S e e  Table  5 .  The octane number of  t h e  naphtha i s  low and w i l l  
have t o  be improved by c a t a l y t i c  reforming. Reforming pr imar i ly  dehydrogenates 
naphthenic  r i n g s  t o  form high-octane aromatics ,  and a l s o  c y c l i z e s  o r  isomerizes  
low-octane s t r a i g h t - c h a i n  p a r a f f i n s  and hydrocracks some of  t h e  high-boi l ing 
p a r a f f i n s .  Reforming was developed t o  upgrade petroleum naphthas  and w i l l  a l s o  
be required f o r  comparable l i q u i d  s t o c k s  from c o a l .  The r e l a t i v e l y  high naph- 
thene content  of s h a l e  o i l  naphtha permits  reforming t o  high-octane gasol ine  with 
only moderate y i e l d  l o s s ,  compared with Light  Arabian naphtha.  
c o a l  genera l ly  c o n t a i n  aromatic  r i n g s  a s  w e l l  and s o  would give s l i g h t l y  b e t t e r  
y i e l d s ;  b u t ,  because of t h e  higher  number of h e t e r o  compounds, l o s e  some advantage. 

The Department of  Defense i s  i n t e r e s t e d  i n  a l t e r n a t i v e  sources  of t u r b i n e  
f u e l s  for  m i l i t a r y  a i r c r a f t .  JP-4 i s  t h e  large-volume f u e l  they r e q u i r e .  See 
Table  6. Shale  o i l  i s  w e l l  s u i t e d  f o r  y i e l d i n g  t u r b i n e  f u e l s  hecause of i t s  r e l a -  
t i v e l y  low aromat ic i ty .  A l l  s p e c i f i c a t i o n s  f o r  JP-4 are m e t  by s e p a r a t i n g  the  
JP-4 b o i l i n g  range material  from crude s h a l e  o i l  by d i s t i l l a t i o n  and hydro t rea t ing  
t h a t  f r a c t i o n .  

h igh  aromatic conten t .  

o l e f i n s  and too low i n  c e t a n e  number and s t o r a g e  s t a b i l i t y  t o  meet s p e c i f i c a t i o n s .  
Product which meets a l l  s p e c i f i c a t i o n s  can be made, however, by hydro t rea t ing  
c rude  shale o i l  fol lowed by d i s t i l l a t i o n ,  r e f e r  t o  Table 7 .  An increas ing  number 
of  petroleum crudes a l s o  r e q u i r e  h y d r o t r e a t i n g  of t h e  d i e s e l  f r a c t i o n  t o  reduce 
s u l f u r  content .  

The p o r t i o n  of s h a l e  syncrude b o i l i n g  above t h e  d i e s e l  f u e l  f r a c t i o n  can be 
used as a premium low-sulfur  f u e l  o i l  o r  cracked t o  produce more va luable  lower- 
b o i l i n g  t r a n s p o r t a t i o n  f u e l s  such as gasol ine ,  j e t  and d i e s e l  f u e l s .  
i s  a b e t t e r  m a t e r i a l  than  t h e  corresponding f r a c t i o n  from crude (such as Arabian 
L i g h t ) ,  because t h e  s h a l e , o i l  has  been upgraded by p r i o r  processing:  r e t o r t i n g ,  
which thermally cracked t h e  h ighes t  b o i l i n g  f r a c t i o n s  and reduced its carbon resi- 
due,  and h y d r o t r e a t i n g  which reduced t h e  s u l f u r  conten t .  
O i l  f r a c t i o n  (from Light  Arabian crude)  s t i l l  c o n t a i n s  32% (14% of crude)  as a 
n o n d i s t i l l a b l e  a s p h a l t .  It i s  d i f f i c u l t  t o  use  a s  b o i l e r  f u e l  because of i t s  2.75% 
s u l f u r  content .  
i t  t o  acceptable  d i s t i l l a t e  f u e l s  by coking followed by hydro t rea t ing .  

I f  t h e  thermal  coking has  t o  be used t o  make a product  s u i t a b l e  f o r  common 

Shale o i l  from t h e  r e t o r t  c o n t a i n s  on t h e  o r d e r  of 10% heavy naphtha, a pre- 
When h y d r o t r e a t i n g  t h e  s h a l e  o i l  t o  reduce t h e  n i t rogen  

Naphthas from 

Refining of j e t  f u e l s  from c o a l  syncrude poses  more of  a problem because of t h e  

The d i e s e l  f u e l  f r a c t i o n  from t h e  raw s h a l e  o i l  i s  t o o  high in s u l f u r  and 

This  f r a c t i o n  

The corresponding crude 

It i s  o f t e n  u t i l i z e d  by blending i t  i n  bunker f u e l  o r  by convert ing 
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TABLE 1 

TYPICAL COMPOSITION OF 
GREEN R I V E R  OIL SHALE 

Kerogen C o n t e n t  15 W t %  
Kerogen C o m p o s i t i o n :  

Carbon 
Hydrogen 
N i t r o g e n  
S u l f u r  
Oxygen 

S i m p l e  Chemica l  F o r m u l a  
( S u l f u r  & N i t r o g e n  
Replaced  by Oxygen) 

M i n e r a l  C o n t e n t  85 W t %  

C a r b o n a t e s  
F e l d s p a r s  
Quar t z  
C lays  
A n a l c i t e  & P y r i t e  

M o i s t u r e  and  Ash F r e e  

Carbon 
Hydrogen 
Oxygen 
N i t r o g e n  
S u l f u r  

C / H  R a t i o  

(25  Gal /Ton 
S h a l e  Oil) 

W t %  

80.5 
1 0 . 3  

2.4 
1.0 

- 

5 . 8  
100.0 

C20H3202 

4 8 . 0  
21.0 
1 5 . 0  
1 3 . 0  

3 .0  
100.0 

TABLE 2 

KEROGEN VS COAL 

Weight  P e r c e n t  
Kerogen Coal  

B i t  Subb L i g n i t e  

8 0 . 5  78 .8  73 .5  72.5 
1 0 . 3  5 .7  5 . 3  4.9 

5 .8  8 . 9  1 9 . 7  20 .8  
2.4 1.4 1 . 0  1.1 
1 . 0  5 . 2  0 . 5  0.7 

7.8 1 3 . 8  13 .9  1 4 . 8  
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TABLE 3 

CRUDE SHALE O I L ,  
COAL, LIQUIDS, CRUDE OIL 

Crude A r a b i a n  
S h a l e  C o a l  L i q u i d s  L i g h t  

O i l  COED* H-Coal Crude - 
G r a v i t y ,  S p e c i f i c  0.92 1 . 1 3  

"API 22.2 -4 

B o i l i n g  Range, ' C  60-540 - 
Compos i t ion ,  W t %  

N i t r o g e n  1 .8  1.1 
S u l f u r  0.9 2.8 
Oxygen 0.8 8.5 

C / H  R a t i o  7.3 11.2 

Pour  P o i n t ,  OF 60 1 0 0  

V i s c o s i t y ,  100°F, SUS 98 133 

Hydrogen Added 
S c f / B b l  P r o d u c t  0 0 
W t %  0 0 

Y i e l d ,  G a l l o n s / T o n  25-35 30-48 

0.92 
23.0 

30-525 

0.1 
0.2 
0.6 

8 .1  

<5 
- 

6000 
10 

60-90 

*COED: Char  O i l  E n e r g y  Development  

TABLE 4 

HYDROGEN REQUIREMENT TO 
HYDROTREAT SHALE OIL 

Hydrogen Consumpt ion  
S c f / B b l  P r o d u c t  
Atoms/Atom H e t e r o  
W t %  P r o d u c t  

OAPI 
S p e c i f i c  

Pour  P o i n t ,  O F  

V i s c o s i t y ,  100°F ,  SUS 

Compos i t ion ,  W t %  

G r a v i t y ,  

N i t r o g e n  
S u l f u r  
Oxygen 

C/H R a t i o  

H y d r o t r e a t e d  
S h a l e  O i l  

1350 
10 .8  

2.4 

34 

+80 

0.86 

55 

0.08 
0.002 

0.85 
34.7 

5-575+ 

0 .08  
1 .7  - 
6.2  

-15 

44 

0 
- 

- 

H-Coal 

6000 

l o  
--- 

23 
0.92 

<5 

0.01 
0 .2  
0.6 

8 . 1  6.5 
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TABLE 5 

SHALE O I L  PRODUCTS VS PETROLEUM PRODUCTS 

NAPHTHA (GASOLINE PRECURSOR) 

Naptha  From: 

B o i l i n g  Range,  "C 
50% P o i n t ,  O C  

Y i e l d ,  V o l %  Crude 

G r a v i t y ,  'API 
S p e c i f i c  

S u l f u r ,  ppm 

N i t r o g e n ,  ppm 

C/H Ratio 

O c t a n e  Number 

+ 3 m l  TEL 

C o m p o s i t i o n ,  w t %  

R e s e a r c h ,  C l e a r  

P a r a f f i n s  

L i g h t  A r a b i a n  Exxon 
S h a l e  O i l *  Crude  Donor Solvent  

70-205 
154 

13.6 

51.6 
0.77 

9 

34 

5.9 

32.5 
6 1 . 9  

25-190 
123 

26.7 

63.0 
0.73 

320 

5.7 

38.3 
63.6 

70-205 
177 

10 

30 
0.88 

4700 

2100 

7.8 

45 75 22 

Naph t h e n e  s 44 14 42 

A r o m a t i c s  11 11 36 

*From s h a l e  oil which h a s  b e e n  h y d r o t r e a t e d  t o  r e d u c e  s u l f u r  t o  530 ppm. 
1350 scf H consumed p e r  b a r r e l  of c r u d e  s h a l e  o i l .  2 

TABLE 6 

SHALE OIL PRODUCTS VS PETROLEUM PRODUCTS 

TURBINE FUEL 

S o u r c e  

B o i l i n g  Range ,  "C 
50% P o i n t ,  O C  

G r a v i t y ,  OAPI 
S p e c i f i c  

S u l f u r ,  pprn 

F r e e z e  P o i n t ,  'C 

A r o m a t i c s ,  Vol% 

Smoke P o i n t ,  mm 

Thermal  S t a b i l i t y ,  JFTOT 
a t  260'C 
P r e s s u r e  Drop ,  mm H g  
P r e h e a t e r  D e p o s i t  Code 

JP-4 From 
S h a l e  O i l  

100-240 
182 

51.9 
0.77 

5 

( -60  

3.0 

40 

0 
0 

T y p i c a l  
J P - 4  

60-240 
143 

54 
0.76 

350 

-62 

12.3 

27.5 

0.2 
1 
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Source  

B o i l i n g  Range, O C  

Y i e l d ,  Vol% 

G r a v i t y ,  "API 
S p e c i f i c  

S u l f u r ,  ppm 

Ni t rogen ,  W t %  

Pour P o i n t ,  O F  

TABLE 7 

SHALE OIL PRODUCTS VS PETROLEUM PRODUCTS 

DIESEL FUEL 

Cetane  Number 

V i s c o s i t y ,  SUS @ 38°C 

Diesel F u e l  
From 

Shale O i l  

200-360 

42.3 

37.2 
0.84 

1 9  

0.022 

-23 

50 

37.2 

T y p i c a l  

188-32 J 

36 
0.84 

2500 

-4 t o  -48 

46 

34.5 
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In t roduc t i on  

While subs tan t i a l  q u a n t i t i e s  o f  o n l y  a few exper imental  syn fue ls  have been 
generated, those which a r e  ava i l ab le  have demonstrated the  degradat ion problems 
t h a t  were p red ic ted  f rom work w i t h  petroleum. 
conten t  o f  syncrudes de r i ved  from shale and coal  w i l l  necess i ta te  c lose r  a t t e n t i o n  
t o  processing parameters requ i red  t o  produce a commercial ly v i a b l e  product.  
paper presents bas i c  and app l i ed  data which should a i d  i n  the t r a d e o f f  decis ions 
between f u r t h e r  c o s t l y  processing and product s t a b i l i t y .  

Degradation Mechanisms 

found i n  petroleum (1-4) .  
compounds i n  pure hydrocarbon solvents.  The work repor ted  here was performed w i t h  
add i t i ve - f ree  #2 d iese l  f u e l  o r  JP-8, bo th  o f  which are  middle d i s t i l l a t e  fue l s  i n  
inc reas ing  demand. 

according t o  sediment fo rma t ion  dur ing  accelerated storage s t a b i l i t y  t es ts .  A l ky l  
s u b s t i t u t i o n  on the  a-carbon has an obvious de le te r i ous  a f f e c t ,  w i t h  the  most 
severe occur r ing  w i t h  five-membered r i n g  compounds. 

t e s t  would inc lude severa l  compounds i n  o rder  t o  study i n t e r a c t i v e  e f fec ts .  As an 
example, Table 1 presents  r e s u l t s  from a b i n a r y  m ix tu re  i n  d iese l  f u e l  i n  which an 
obvious i n t e r a c t i o n  has occurred a f t e r  56 days a t  110°F. 
been tes ted  on ly  by i t s e l f  i n  #2  d iese l  f u e l ,  i t  would have been labe led  innocuous. 
However, i n  combinat ion w i t h  d imethy lpyrro le  the re  i s  evidence f o r  a syne rg i s t i c  
ef fect .  Add i t i ona l  s tud ies  c u r r e n t l y  underway a l so  i nc lude  s u l f u r  and oxygen 
compounds. 

2,5-dimethylpyrrole as t h e  model compound. 
JP-8 are  shown i n  F igu res  2 and 3. 
apparent r e a c t i o n  a c t i v a t i o n  energies o f  10.7 kcal /mole i n  #2 d iese l  and 14.4 
kcal/mole i n  JP-8. 
involved. 

The h igh  heteroatom and unsaturate 

This 

Considerable work has been publ ished on degradat ion mechanisms f o r  compounds 
Much o f  t he  p rev ious l y  repor ted  research invo lved pure 

Re la t i ve  r e s u l t s  f o r  a v a r i e t y  o f  n i t rogen  compounds are  d isp layed i n  Figure 1 

While t h e  r e a c t i v i t i e s  o f  s ing le  compounds a re  o f  i n t e r e s t ,  a more r e a l i s t i c  

I f  t r i o c t y l a m i n e  had 

The e f f e c t s  o f  s torage temperature on sediment fo rmat ion  were s tud ied  using 

The f a i r l y  l i n e a r  p l o t s  permi t  es t ima t ion  o f  
Arrhenius p l o t s  f o r  bo th  #2 d iese l  and 

These a r e  r a t h e r  low and suggest some c a t a l y t i c  e f f e c t s  a re  
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Synfuel Test Results 

When reviewing the test results from actual synfuel samples, one must con- 
For example, Table 2 shows typical 

Much of this difference in stability can be traced directly to heteroatom 
Table 3 compares the elemental composition of two synfuels and of the 

sider the source and history of the samples. 
properties for the same shale oil jet fuel before and after additional hydrotreat- 
ing. 
contents. 
gum produced after aging. The tendency for nitrogen, oxygen, and sulfur compounds 
to preferentially participate in the degradation reactions is obvious. 

In some applications, thermal degradation can be more of a concern than stor- 
age stability. Table 4 presents data on several middle distillate synfuels as 
compared to a petroleum-based fuel. 
Oxidation Test (ASTM D3241) are significantly higher for the synfuels, but the 
pressure build-up is normal except for one case. 
tions at the hot surface or slow agglomeration. 
demands further study. 

Conclusion 

The tube deposits from the Jet Fuel Thermal 

This indicates either rapid reac- 
In either case, the deposit level 

All information published to date implies that the production of stable syn- 
fuels is possible but will require refining processes altered from those now re- 
quired for petroleum. 
applied considerations, and the results are encouraging. By continuing these 
efforts, it is hoped that stability will not be the limiting factor in providing 
adequate future fuel supplies. 

Stability research is currently focussing on both basic and 
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Tab le  1. I n t e r a c t i o n  Between 2 , 5 - D i m e t h y l p y r r o l e  (A, 150 ppm) and 
T r i o c t y l a m i n e  ( B ,  1350 ppm) i n  #2 D i e s e l '  

rn 

S >  
S 
0 

~ $ 

a 
E 
V 

% 
0 

W u 
S 
W VI 

a, L Z  O 
0- 

Presence of  Compound A 

0.5 61.8 

0.5 131.8 

56 Days a t  110°F 

Sediment g i v e n  as mg/100 m l  f u e l .  

Tab le  2. Upgrad ing  E f f e c t  on Compos i t i on  and S t a b i l i t y  of J e t  Fuel  
From Shale O i l  

P r o p e r t i e s  O r i g i n a l  Upgraded 

S u l f u r ,  t o t a l ,  w t - p c t  0.015 0.005 
Carbon, w t - p c t  86.2 85.43 
Hydrogen, w t - p c t  13.32 14.42 
Oxygen, w t - p c t  0.28 0.05 
N i t r o g e n ,  ppm 1500 3.2 

T o t a l  gum a f t e r  32 weeks 
a t  110" F, mg/100 m l  6.4 1.8 
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Table 3. Elemental  Analyses o f  Gums and Fuels  

(w t -pc t )  

Middle D i s t i l l a t e ,  SRC I1  Kerosene, Ta r  Sands 

So lub le  I n s o l u b l e  So lub le  
Gum Gum Gum 

75.60 73.10 83.52 
6.65 6.57 8.41 
5.46 6.12 Trace 

10.99 14.12 7.34 
0.67 <o. 01 <0.01 

Gum Composi t ion 

C 
H 
N 
0 
S 

O r i g i n a l  Fuel 

C 
H 
N 
0 
S 

86.28 
9.05 
0.98 
3.36 
0.32 

0.0004 
0.30 
0 

Table 4. JFTOT Eva lua t i ons  by ASTM Tes t  Method D3241 Conducted 
f o r  2.5 Hours a t  260°C Con t ro l  Temperature 

I 
b 

I JFTOT Rat ings 

i 
Spun Spot 

V i sua l  Tube Deposi t  AP, m Hg/Time, Minutes -- D e s c r i p t i o n  
I 

Paraho shale o i l ,  JP-5 4 24.5 34.5 1 /30 
Tar  sands, JP-5 4 15 17 0/30 
COED coa l  l i q u i d ,  JP-5 4 12 24 2/30 
Paraho shale o i l ,  J e t  A(#4) 3 15 18 1 /30 
Paraho shale o i l ,  J e t  A(#23) 4 17 19 0.5/30 
Paraho shale o i l ,  J e t  A(#10) 4 30 35 1 /30 
Petroleum based, JP-5 1 4 6 1 /30 
Paraho shale o i l ,  DFM 3 11.5 19 0/30 

1/90 1.5/150 
0.5/90 0.5/150 

76/90 197/150 
1/90 1/150 

0.5/90 0.5/150 
1/90 1/150 
1/90 2/15D 
0/90 0/150 
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THE BENEFICIATION OF GREEN RIVER O I L  SHALE BY PELLETIZATION 

J. Reisberg 

S h e l l  Development Company, P. 0. Box 481, Houston, TX 77001 

BACKGROUND 

Green River s h a l e  i s  a sedimentary,  h i g h l y  laminated,  f i n e  tex tured  rock  composed 
mainly of t h e  m i n e r a l s  dolomite ,  c a l c i t e ,  q u a r t z ,  f e l d s p a r ,  c l a y  and f requent ly ,  
p y r i t e .  
10 percent ,  c o n s i s t s  of kerogen, a s o l i d  organic ,  h ighly  cross- l inked polymeric 
substance,  po lycycl ic  i n  n a t u r e ,  wi th  an a p p r e c i a b l e  hetero-atom content .  O i l  
s h a l e ,  u n l i k e  tar  sands  and g i l s o n i t e ,  is l a r g e l y  i n s o l u b l e  i n  organic  so lvents .  
However, i t  e x h i b i t s  a s t r i k i n g  tendency t o  imbibe and s w e l l  i n  t h e  presence of 
organic  l i q u i d s .  
and t o  a carbonaceous r e s i d u e .  

The high minera l  c o n t e n t  of o i l  s h a l e  imposes a huge h e a t  demand upon a thermal 
upgrading process  and ca l l s  f o r  very l a r g e  process ing  f a c i l i t i e s .  
t h e  mineral  conten t  of t h e  feed by an o r e  b e n e f i c i a t i o n  s t e p  can s t r o n g l y  inf luence  
t h e  process  economics and may a l s o  a f f o r d  t h e  a n c i l l a r y  advantage of a decreased 
volume of contaminated,  p o s s i b l y  b i o l o g i c a l l y  harmful r e t o r t  t a i l i n g s .  A process  f o r  
t h e  b e n e f i c i a t i o n  of Green River shale w a s  i n v e s t i g a t e d  which y i e l d s  kerogen- 
enriched o l e o p h i l i c  p e l l e t s  and a d i s p e r s i o n  i n  water of most of t h e  mineral  matter. 
The s tudy w a s  r e s t r i c t e d  t o  two s h a l e  samples, one c o n s i s t i n g  of c o r e  m a t e r i a l  from 
t h e  Marathon l e a s e  and another  from t h e  Dow-Colony s u r f a c e  lease. 

There e x i s t  a number of f a m i l i a r  procedures  f o r  e f f e c t i n g  mineral  s e p a r a t i o n s ,  includ- 
ing  s ink- f loa t  methods based on d e n s i t y  d i f f e r e n c e s  and f r o t h  f l o t a t i o n  based on 
w e t t a b i l i t y .  Because o f  t h e  tendency of kerogen t o  s w e l l  and s o f t e n  i n  the  presence 
of organic  l i q u i d s  and t h u s  p o s s i b l y  t o  mobi l ize  t rapped minera l  p a r t i c l e s ,  and 
because most minera ls  are water-wetted and t h u s  e x t r a c t a b l e  w i t h  water, we i n v e s t i -  
gated a l i q u i d - l i q u i d  (o i l -water )  p e l l e t i z a t i o n  method. 

Several  r e l a t e d  procedures  f o r  upgrading s h a l e s  have been descr ibed  i n  t h e  l i t e r a -  
t u r e .  General ly  t h e s e  were developed as an a d j u n c t  t o  chemical a n a l y s i s  of 
kerogen - t o  reduce  i n t e r f e r e n c e  by minera ls  and t o  avoid the  r i s k  of ox ida t ion  of 
t h e  organic  matter by s e v e r e  chemical deashing.  

A South Afr ican  s h a l e ,  Torbani te ,")  w a s  ground wi th  water i n  a p o r c e l a i n  b a l l  m i l l .  
O i l  (unspec i f ied)  was added i n  s u f f i c i e n t  q u a n t i t y  t o  form a p a s t e  wi th  t h e  organic- 
r i c h  f r a c t i o n  and g r i n d i n g  was cont inued.  
aqueous phase and t h i s  was d iscarded .  
analyzed. 
c e n t  t o  a va lue  of about  1 0  percent .  

A new Brunswick o i l  s h a l e  conta in ing  58 percent  minera l  mat te r (*)  was processed i n  a 
similar way except  t h a t  it was preground i n  a heavy g a s - o i l  p r i o r  t o  t h e  i n t r o -  
duc t ion  o f  water .  Following a 16-hour gr inding  per iod ,  t h e  d r i e d ,  enr iched m a t e r i a l  
had a mineral  conten t  o f  34 percent .  

Green River o i l  sha le (3)  was t r e a t e d  w i t h  5 percent  a c e t i c  a c i d  t o  remove carbonate  
minerals  p r i o r  t o  g r i n d i n g  i n  a water ,  n-octane system. 
pension w a s  removed and rep laced  repea ted ly  wi th  f r e s h  water u n t i l  no mineral  
mat te r  w a s  observable  i n  t h e  water. Analysis  of t h e  r e s i d u e  i n d i c a t e d  t h a t  t h e  
mineral  conten t  was reduced from an i n i t i a l  75 percent  t o  16 percent .  

A minor p o r t i o n ,  less than 50 percent  by weight and averaging about 

Kerogen can be  converted by p y r o l y s i s  t o  l i q u i d  and gaseous f u e l s  

A reduct ion  i n  

Mineral  mat te r  became suspended i n  t h e  
The o i l y  p a s t e  was so lvent  washed, d r i e d  and 

The a s h  c o n t e n t  w a s  reduced from an o r i g i n a l  va lue  of less than 40 per- 

The aqueous mineral  sus- 
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These procedures  resemble t h e  process  f o r  coa l  p u r i f i c a t i o n  descr ibed  i n  1922 by 
W. E. T r e n t . ( 4 )  
t o  de tach  t h e  minera l  p a r t i c l e s  from t h e  c o a l ,  then a g i t a t i n g  wi th  an organic ,  water  
i n s o l u b l e  l i q u i d  possess ing  a " s e l e c t i v e  a f f i n i t y "  f o r  t h e  coa l .  The process  pro- 
duced a n  "amalgam" of c o a l  and organic  l i q u i d  and r e j e c t e d  t h e  inorganic  gangue as 
aqueous s l u r r y .  

Recent1 similar methods have been appl ied  t o  t h e  s e p a r a t i o n  of tar from Alber ta  tar 
sands. ( 4 j  

It comprised f i n e  gr inding  of c o a l  t o  a 100/200 mesh s i z e ,  s u f f i c i e n t  

EXPERIMENTAL 

Procedure 

The labora tory  work descr ibed  h e r e  w a s  performed wi th  two s h a l e  samples; one con- 
s i s t e d  of m a t e r i a l  from c o r e s  taken a t  a depth  of 1830-1860 f e e t  from t h e  Marathon 
lease and t h e  second i n  t h e  form of rock fragments from t h e  Colony mine (Dow 
proper ty) .  

For t h e  b e n e f i c i a t i o n  w e  used a porce la in  b a l l  m i l l ,  t h e  5.5 g a l l o n  s i z e  wi th  a 
1.5-inch type gr inding  medium (Burundum of c y l i n d r i c a l  form). 
wi th  1 0  pounds of gr inding  medium, 400-800 m l  of water ,  100-200 grams of s h a l e  
(pulver ized  earlier t o  p a s s  through a 100 mesh screen)  and 50-100 cc  of organic  
l i q u i d  binding agent  (heptane) .  The m i l l  w a s  r o t a t e d  f o r  an hour. Typica l ly ,  a f t e r  
about 1 0  minutes of opera t ion ,  a kerogen-enriched f r a c t i o n  i n  t h e  form of  d i s c r e t e  
f l a k e s  o r  p e l l e t s  began t o  separa te .  
and t h e  degree of b e n e f i c i a t i o n ,  t h e s e  would e i t h e r  f l o a t  or  s i n k  i n  t h e  aqueous 
suspension of gangue. 
was removed and replaced wi th  f r e s h  water .  A small  sample, 0.2-0.3 grams, of t h e  
enriched p e l l e t s  w a s  recovered f o r  a n a l y s i s  and t h e  m i l l i n g  o p e r a t i o n  repea ted  f o r  
as many cyc les  as deemed necessary.  Both gangue and kerogen-enriched p e l l e t s  were 
dr ied  under vacuum a t  70-80°C ( s e e  P l a t e  I ) .  The s i z e  of t h e  enr iched  p e l l e t s  
i s  a f u n c t i o n  of  t h e  q u a n t i t y  of added organic  binding agent .  
t i t y  of  binding agent  y i e l d s  p e l l e t s  too s m a l l  f o r  easy  s e p a r a t i o n  from t h e  gangue 
suspension by means of coarse  s i e v e s .  A n  excess  of b inder  r e s u l t s  i n  t h e  formation 
of a voluminous, s o f t  kerogen p a s t e  which e n t r a i n s  gangue. The optimum c o n d i t i o n  
descr ibed  above y i e l d s  p e l l e t s  roughly 1 c m  i n  diameter .  The kerogen conten t  w a s  
determined a s  weight l o s s  by plasma ashing.  
I n t e r n a t i o n a l  Plasma Corporat ion,  Model 1003B-248AN and LFE Corporat ion,  Low Tempera- 

50°C w e  avoid t h e  mineral  decomposition ( e s p e c i a l l y  carbonates )  encountered dur ing  
high temperature  combustion. 

The m i l l  was charged 

Depending on t h e  d e n s i t y  of t h e  b inding  agent  

Af te r  a one-hour m i l l i n g  c y c l e ,  t h e  aqueous gangue d i s p e r s i o n  

An i n s u f f i c i e n t  quan- 

(We used two plasma ash ing  devices :  

1 
I t u r e s  Asher, No. LTA-600.) S ince  t h e  plasma combustion temperature  does not  exceed 

Resul t s  

The r e s u l t s  of a t y p i c a l  b e n e f i c i a t i o n  experiment wi th  Marathon lease material i s  
shown i n  Figure 1. 
d i s p e r s i o n  being removed and rep laced  wi th  f r e s h  water  a f t e r  each cyc le .  Kerogen 
c o n t e n t s  f o r  both t h e  organic- r ich  p e l l e t s  ( o l e o p h i l i c )  and t h e  water d i s p e r s i b l e  
minera l  gangue (hydrophi l ic )  are shown. The Figure a l s o  shows t h e  r e s u l t s  of two 
s i n g l e  cyc le  experiments. 

The Marathon sample w a s  ob ta ined  from a depth  of more than 1800 f e e t .  S ince  an o r e  
b e n e f i c i a t i o n  s t e p  would be more a p p r o p r i a t e  f o r  a minable, shal low format ion ,  we 
a l s o  t e s t e d  samples from t h e  Dow-Colony (Parachute  Creek) mine. S t a r t i n g  w i t h  
p a r t i c l e s  i n  t h e  8 t o  1 0  s i e v e  s i z e  range,  t h e  material was mi l led  i n  water u n t i l  
90 percent  passed through a 100 mesh screen.  
s l u r r y  and t h e  process  was continued as descr ibed  above. 
experiments are shown i n  Figure 2. 
s h a l e  i s  less favorable  than t h a t  wi th  Marathon l e a s e  m a t e r i a l .  

This  e n t a i l e d  f o u r  one-hour m i l l i n g  c y c l e s ,  t h e  aqueous mineral  

Organic binder  w a s  added t o  t h e  aqueous 
R e s u l t s  of d u p l i c a t e  

The b e n e f i c i a t i o n  obtained wi th  t h i s  Dow-Colony 
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Particle Size of Shale Minerals 

Analysis of oil shale surfaces by the scanning electron microscope prior to and 
following low temperature ashing reveals that the mineral matter occurs in the 
form of fine, discrete particles within a continuous kerogen matrix. 

Figure 3 shows size distributions of inorganic mineral particles obtained by low 
temperature ashing of unprocessed oil shales. These minerals have mean particle 
diameters (50 percent frequency level) of 5-6 microns. 

Minerals Distribution and Beneficiation 

X-ray diffraction analysis of the products of the beneficiation of Dow-Colony shale 
is shown in Table 1. It is clear that the oleophilic extract (pellets) retains or  
concentrates the carbonates (dolomite, calcite, aragonite), particularly the 
dolomite. The hydrophilic gangue consists mainly of feldspar and quartz. Since 
silica, silicates and carbonates, in a clean condition, are water wetted the above 
results would indicate that the beneficiation procedure renders at least a portion 
of the carbonates oil-wet. The mechanism for the wettability reversal of the 
carbonate may reside in the adsorption, by the carbonate minerals, of certain car- 
boxylic constituents of the shale - the bitumens. Bitumens are a solvent-extractable 
high molecular weight component of oil shale. They are rich in carboxylic functional 
groups - containing about 35 percent of fatty acids, resinous acids, polymer acids 
and benzenoid acids(6) (see below). Their dissolution in the added organic binder 
would make them accessible to the carbonates. Carboxylic acids are the most commonly 
utilized "collectors" for carbonate minerals in froth flotation processes. They 
adsorb strongly and decrease the water wettability of calcium carbonate thus facili- 
tating its separation from a hydrophilic gangue with the gas phase. Similarly, in the 
pelletization process, the action of the adsorbed bitumen constituents on the 
carbonate mineral particles renders them largely inseparable from the oleophilic 
kerogen. Where pyrite is present, one would expect that, due to its inherent oil 
wettability, it too would accumulate in the oleophilic pellets. 

Determination of Bitumens 

Samples of pulverized Dow-Colony oil shale were extracted both at room temperature 
and by Soxhlet refluxing with n-heptane and with toluene. 
from the extract under vacuum and the acid numbers of the tar-like residual 
bitumens were determined. Results for duplicate samples are shown in Table 2. We 
note that significant quantities of carboxylic acids are indeed extracted. 

Solvent was stripped 

Table 1 
MINERAL DISTRIBUTION FOLLOWING BENEFICIATION STEPS 

DOW-COLONY SAMPLE 
(Estimated Weight Percent in Crystalline 

Portion - X-ray Diffraction) 
Kerogen Extract Gangue 

(Oleophilic Pellets) (Hydrophilic) Untreated 

Calcite 10 
Dolomite 65 

Aragonite 5 

Quartz 10 
Feldspar 10 
Dawsonite - 

10 

83 
5 

1 

1 
- 

5 

20 
- 

20 

52 

3 
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Table 2 

EXTRACTION OF BITUMEN FROM DOW-COLONY SHALE 

Solvent  Bitumen Recovered Acid Number, 
X of Shale  MgKOH / gram 

Toluene, Room Temp. 0.7 9.2, 9 .5  

Heptane, Room Temp. 0.9 3.6, 2.6 

Toluene, Soxhlet  1 .5  12.7, 18 .8  

Heptane, Soxhlet  1 .6  19.2, 13.1 

Mineral Contents of Marathon and Dow-Colony Lease Shales  

I n  view of t h e  above, one would a n t i c i p a t e  d i f f i c u l t y  i n  upgrading by t h i s  method, 
s h a l e s  conta in ing  l a r g e  q u a n t i t i e s  of carbonate  minera l  (dolomite ,  c a l c i t e ,  a r a g o n i t e )  
and/or  p y r i t e  (FeS2). I n  Table 3 w e  show t h e  minera l  d i s t r i b u t i o n s ,  determined by 
X-ray d i f f r a c t i o n ,  f o r  samples from t h e  Marathon and Dow-Colony leases. The sums of 
t h e  weights percent  of t h e  carbonates  and p y r i t e s  i n  t h e  Marathon samples l i e  
between 30 and 35 percent  whereas i n  t h e  Dow-Colony samples, they l i e  between 47 and 
80 percent .  
t h e  Marathon l e a s e  sha le .  

This suppor ts  t h e  f i n d i n g  t h a t  s u p e r i o r  upgrading i s  accomplished w i t h  

Table 3 

MINERAL CONSTITUENTS OF MARATHON LEASE 
AND DOW-COLONY MINE SHALE SAMPLES 

(Estimated Weight Percent  i n  C r y s t a l l i n e  Por t ion)  

Marathon Lease Dow-Colony 

- - C a l c i t e  1 0  10 10 

Dolomite 35 30 27 40 65 

Aragoni te  5 - - - - 

P y r i t e  

Quartz 

Feldspar 

- - 1 0  1 0  - 
15 20 1 2  1 0  10  

15 20 25 1 5  10 
- - Analc i te  3 1 0  - 

Dawsonite 20 1 5  5 - - 
Nahcol i te  10 10 - - - 
Clay 5 - - 
Unident i f ied  5 5 3 5 - 

- - 

THE MECHANISM OF BENEFICIATION 

Kerogen, a s  noted earlier, i s  a polymeric subs tance  t h a t  can imbibe l a r g e  q u a n t i t i e s  
of organic  l i q u i d s .  
matr ix .  Such gross  swel l ing ,  as w e l l  a s  e x f o l i a t i o n ,  under t h e  i n f l u e n c e  of 
var ious  organic  l i q u i d s  can be observed v i s u a l l y  wi th  raw o i l  sha le .  We sugges t  
that t h i s  swel l ing  and s o f t e n i n g  of t h e  kerogen i s  a key element i n  t h e  b e n e f i c i -  
a t i o n  scheme descr ibed  here .  During t h e  m i l l i n g  process  t h e  inorganic  minera l  
p a r t i c l e s  a r e  not  e j e c t e d  v i a  a comminution of a b r i t t l e  m a t r i x  (chopped o u t  of t h e  

This  i s  accompanied by s w e l l i n g  and a s l i g h t  s o f t e n i n g  of t h e  
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kerogen, so t o  speak)  b u t  are i n s t e a d  worked o u t  of t h e  sof tened  kerogen mass by a 
deforming and kneading process .  The kerogen p a r t i c l e s  introduced i n i t i a l l y  become 
fused r a t h e r  than br idged  by pendular r i n g s  of binding agent  a s  i n  coa l  p e l l e t i z a t i o n .  
A f t e r  dry ing ,  t h e  gangue d i s i n t e g r a t e s  i n t o  its component small p a r t i c l e s  but  t h e  
kerogen p e l l e t s  d r y  t o  a hard b r i t t l e  mass e x h i b i t i n g  no evidence of t h e  presence of 
d i s c r e t e  s m a l l  p a r t i c l e s .  

Chemical Addit ives  

In a n  e f f o r t  t o  improve t h e  o r e  upgrading process  - t o  i n c r e a s e  t h e  l e v e l  of  car -  
bonate minera ls  r e j e c t i o n  - we s tudied  t h e  e f f e c t  of chemical a d d i t i v e s .  

1. F l o t a t i o n  depressants :  It w a s  i n d i c a t e d  earlier t h a t  t h e  release of o i l  
so luble  carboxyl ic  a c i d s  may be respons ib le  f o r  t h e  r e t e n t i o n  of carbonates  by 
t h e  kerogen-organic b inder  p e l l e t s .  
appl ied  t o  overcome t h e  c o l l e c t i n g  tendency of f a t t y  a c i d s  and t h u s  t o  increase  t h e  
w a t e r  w e t t a b i l i t y  of the  carbonate  p a r t i c l e s .  (7) 
depressants ,  i n c l u d i n g  sodium o x a l a t e ,  chromium n i t r a t e ,  copper n i t r a t e ,  f e r r i c  
s u l f a t e  and aluminum n i t r a t e  f a i l e d  t o  improve t h e  b e n e f i c i a t i o n  process  descr ibed 
here .  

Chemical f l o t a t i o n  depressants  a r e  sometimes 

The i n t r o d u c t i o n  of such f l o t a t i o n  

2 .  Sodium bicarbonate :  Marathon l e a s e  samples which e x h i b i t  high l e v e l s  of 
b e n e f i c i a t i o n  a l s o  c o n t a i n  n a h c o l i t e  (NaHC03). 
opera tes  a t  a n  e l e v a t e d  pH. To i n v e s t i g a t e  t h e  e f f e c t  of high pH on Dow-Colony 
s h a l e ,  experiments  were performed wi th  added sodium bicarbonate  and sodium hydroxide. 
No improvement i n  kerogen enrichment was obtained.  

The b e n e f i c i a t i o n  process  thus  

3 .  S u r f a c t a n t s  and d i s p e r s a n t s :  A s e l e c t i o n  of t y p i c a l  commercial s u r f a c e  
a c t i v e  a g e n t s ,  both a n i o n i c  and nonionic ,  were t e s t e d  t o  determine whether b e n e f i c i a l  
i n t e r f a c i a l  o r  w e t t i n g  c o n d i t i o n s  could be obtained.  These agents  included:  

T r i t o n  X-100 (nonionic ,  e thoxyla ted  o c t y l  phenol) 
Phuronic  F68 (nonionic ,  e thylene  oxide - propylene oxide  

NEODOLa 25-7, 25-9, 25-30, 25-45 (nonionic ,  l i n e a r  primary 

N E O D O J b  25-38 (anionic ,  s u l f a t e d  form of N E O D O D  25-3). 

condensat ion product)  

a coho1 e t h o x y l a t e s )  

Several  d i s p e r s a n t s  t o o  w e r e  checked, including:  

Marasperse N22 and CB ( l i g n o s u l f o n a t e s )  
Guartec ( i n d u s t r i a l  grade guar gum) 

This  approach a l s o  w a s  unrewarding. 

Product Assay 

Fischer  Assays were performed wi th  samples of  Marathon lease m a t e r i a l ,  wi th  both r a w  
s h a l e  and wi th  t h e  b e n e f i c i a t e d  p e l l e t s .  Spent s h a l e  (char)  from t h e  assay  was sub- 
j e c t e d  t o  h e a t  v a l u e  a n a l y s i s  (Btu conten t ) .  Resul t s  a r e  shown i n  Table  5 .  
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Table 5 

FISCHER ASSAYS 
MARATHON LEASE SHALE 

Raw Shale Benef ic ia ted  
Product 

O i l ,  g a l l t o n  44.3 154.2 

O i l ,  % by weight 16 .6  57.4 

Water, g a l l t o n  6.4 2.5 

Water, % by weight 2 . 7  

Spent Shale  ( c h a r ) ,  74.4 
% by weight 

1 .0  

33.0  

Gas + Loss ,  
% by weight 

6 .3  8 .6  

Btu/ lb  of char  693 5,352 

DISCUSSION 

Two s h a l e  samples were s tud ied  - one from t h e  Marathon lease (cores)  and t h e  o t h e r  
from t h e  Dow-Colony mine. Clear ly ,  t h e  l a t t e r  i s  t h e  more r e l e v a n t  t o  a n  o r e  bene- 
f i c i a t i o n  process .  The r e s u l t  obtained wi th  t h i s  material is less f a v o r a b l e  than 
t h a t  achieved wi th  t h e  Marathon cores .  
a value of 2 1  percent  f o r  t h e  raw material t o  62 percent  f o r  t h e  upgraded p e l l e t s  
r e p r e s e n t s  a r e j e c t i o n  of 8 3  percent  of t h e  minera l  matter (neglec t ing  a smal l  l o s s  
of kerogen t o  t h e  gangue). 
a r e t o r t i n g  process .  
r e j e c t e d  inorganic  gangue c o n t a i n s  only  a s m a l l  r e s i d u e  of kerogen, i n  unmodified form. 
This  is no more damaging chemical ly  than  t h e  o r i g i n a l  o i l  s h a l e .  
from t h e  r e t o r t i n g  of t h e  enr iched  p e l l e t s  has  a s u f f i c i e n t l y  h igh  Btu conten t  
(Table 5)  and low minerals  conten t  t o  be u s e f u l  as a process  f u e l .  
be f r e e  of organic  matter and low i n  s i l i c a  d u s t .  Thus t h e  r e t u r n s  t o  t h e  environ-  
ment from a process  involving o r e  b e n e f i c i a t i o n ,  r e t o r t i n g  of t h e  kerogen-enriched 
p e l l e t s  and char  burning would be f r e e  of  organic  p y r o l y s i s  products .  

S t i l l  t h e  i n c r e a s e  i n  kerogen c o n t e n t  from 

This  can mean a s i z a b l e  decrease  i n  t h e  h e a t  demand of 
There may a l s o  be  an a n c i l l a r y  environmental  b e n e f i t .  The 

The r e s i d u e ,  c h a r ,  

Its a s h  would 

I 

\ The labora tory  experiments were performed batchwise i n  s m a l l  b a l l  m i l l s .  I 

I t h a t  of t h e  i n i t i a l  comminution of t h e  s h a l e .  Because t h e  m a t e r i a l  possesses  a 

A l a r g e r  
scale opera t ion  would c a l l  f o r  cont inuous process ing ,  probably i n  a rod m i l l .  A t  
p resent  t h e  procedure does not  appear t o  be economically f e a s i b l e .  A major c o s t  i s  

very  unfavorable  g r i n d a b i l i t y  work index,  t h i s  s t e p  r e q u i r e s  an excess ive  power 
out lay.  Furthermore, t h e  process  c a l l s  f o r  a l a r g e  q u a n t i t y  of organic  b inding  
agent ,  t h e  recovery of which too i s  very  c o s t l y .  Whether means can be devised  f o r  
improving t h e  economics must awai t  f u r t h e r  i n v e s t i g a t i o n .  

I 

I 
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Fig. 1 The recovery of Marathon Lease kerogen as a 

function of number of beneficiation cycles. (Kerogen 

determined as weight loss on low temperature arhing) 

Fig. 2 The beneficiation of Dow-Colony shale 
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RETORTED OIL SHALE DISPOSAL RESEARCH 

R. N. Heistand 
Paraho Development Corporation 

Box A ,  Anvil Points 
Rifle, Colorado 81650 

SUMMARY 

Although the retorted, or processed, shale represents the 
largest by-product from oil shale retorting operations, results 
from detailed studies indicate that it can be managed in an 
environmentally acceptable manner. Laboratory and field tests 
have demonstrated the following properties: 
using normal vehicular traffic; cementation strength to 1480 kPa, 
using only retorted shale and optimum water; permeabilities as low 
as 1 x lo-’ cm/s, using proper handling techniques. 
tests have shown that dusting, auto-ignition, and leaching pose no 
special problems. These research results indicate that properly 
managed retorted shale exhibits the properties of a low-grade 
cement. Thermal reactions occurring during retorting and the 
chemical composition of retorted shale are related to the cement- 
like physical properties. 

compaction to 1600 kg/m3, 

In addition, 

INTRODUCTION 

In the quest for alternate energy sources, oil shale appears 
particularly attractive because of the large domestic deposits and 
because the retorting process produces liquid and gaseous fuels 
directly. However, the retorting process also produces large 
quantities of retorted shale which could pose a potentially 
adverse environmental impact if not disposed of properly. A 

mature, million-barrel-per-day oil shale industry would produce 
over 125 million Mg of retorted shale during each day of operation. 
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During t h e  P a r a h o  o p e r a t i o n s  a t  t h e  U. S. Department o f  Energy 

Anvi l  P o i n t s  O i l  S h a l e  Research F a c i l i t y ,  t h e  p o t e n t i a l  problem of  

r e t o r t e d  s h a l e  d i s p o s a l  w a s  recognized .  A seven-s tage  r e t o r t e d  
s h a l e  r e s e a r c h  program, j o i n t l y  suppor ted  by t h e  U. S.  Bureau o f  

Mines, w a s  c a r r i e d  o u t  u s i n g  b o t h  l a b o r a t o r y  and f i e l d  s t u d i e s  
(Hol tz ,  1 9 7 6 ) .  H i g h l i g h t s  of t h i s  r e t o r t e d  s h a l e  r e s e a r c h  program 

showed t h a t  r e t o r t e d  o i l  s h a l e ,  produced by t h e  Paraho p r o c e s s ,  

can  be  e f f e c t i v e l y  compacted and handled to  produce s t r o n g  and 

w a t e r  impervious s t r u c t u r e s  (Heis tand  and H o l t z ,  1 9 8 0 ) .  These 

d e s i r a b l e  p r o p e r t i e s  of  Paraho r e t o r t e d  s h a l e  are b e l i e v e d  due t o  
t h e  format ion  of a low-grade cement by thermal  r e a c t i o n s  which 

o c c u r  dur ing  r e t o r t i n g .  

In  t h i s  p a p e r ,  t h e  c h e m i s t r y  of  Paraho r e t o r t e d  s h a l e ,  t h e  

n a t u r e  o f  t h e  thermo-chemical r e a c t i o n s  t h a t  can  c o n t r i b u t e  t o  i t s  
cement - l ike  p r o p e r t i e s ,  and  t h e  chemis t ry  o f  t h e  l e a c h a t e s  o b t a i n e d  

from p e r m e a b i l i t y  s t u d i e s  w i l l  b e  p r e s e n t e d .  Although C i v i l  

e n g i n e e r i n g  i n f o r m a t i o n  now e x i s t s  which p e r m i t s  t h e  d i s p o s a l  of 
r e t o r t e d  s h a l e  i n  a n  envi ronmenta l ly  a c c e p t a b l e  manner, a b e t t e r  
unders tanding  of t h e  thermal  r e a c t i o n s  of r e t o r t i n g  and t h e  
chemical  composi t ion  of r e t o r t e d  s h a l e  may s u g g e s t  changes i n  

r e t o r t i n g  o p e r a t i o n s  which would f u r t h e r  l e s s e n  any p o s s i b l y  

a d v e r s e  envi ronmenta l  impact .  

EXPERIMENT DESIGN 

Because  t h e  d i s p o s a l  of  r e t o r t e d  s h a l e  i s ,  u l t i m a t e l y ,  a 

f i e l d  e x e r c i s e ,  t h i s  paper  w i l l  d i s c u s s  t h e  exper imenta l  d e s i g n  

(and d a t a )  from f i e l d  s t u d i e s  which have been c a r r i e d  o u t .  

Laboratory e x p e r i m e n t a t i o n  and d a t a  w i l l  be  used  t o  complement t h e  

r e s u l t s  of f i e l d  s t u d i e s .  Two f i e l d  s t u d i e s  w e r e  c a r r i e d  o u t  

d u r i n g  t h e  Paraho r e s e a r c h  o p e r a t i o n s .  These r e t o r t e d  s h a l e  f i e l d  

s t u d i e s  i n c l u d e d  compaction s t u d i e s  and p e r m e a b i l i t y ,  or  i n f i l -  
t r a t i o n ,  s t u d i e s .  

' I  
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The f i e l d  compaction s t u d i e s  w e r e  c a r r i e d  o u t  i n  a r e l a t i v e l y  

f l a t  area, 2-3 km from t h e  r e t o r t i n g  o p e r a t i o n s  (see F i g .  1). The 

compaction s i t e ,  measuring 55  m wide by 1 2 0  m long ,  w a s  d i v i d e d  

i n t o  two s e c t i o n s .  I n  one s e c t i o n  t h e  r e t o r t e d  s h a l e  w a s  p l a c e d  

dry ;  i n  t h e  o t h e r ,  optimum water  w a s  added b e f o r e  p lacement .  The 
mater ia l  was hauled d i r e c t l y  from t h e  r e t o r t e d  s h a l e  d i s p o s a l  

system and spread  a s  soon a s  p o s s i b l e .  N o  problems w i t h  d u s t i n g  
or a u t o - i g n i t i o n  w e r e  no ted .  The m a t e r i a l  was spread  i n  20-30 c m  
l a y e r s  and s u b j e c t e d  t o  v a r i o u s  compact ive e f f o r t s .  Approximately 

1 2 0 0 0  m3 (15000 Mg) of r e t o r t e d  s h a l e  was used i n  these f i e l d  
compaction s t u d i e s .  

The f i e l d  i n f i l t r a t i o n  s t u d i e s  w e r e  c a r r i e d  o u t  n e a r  the 
r e t o r t i n g  o p e r a t i o n s .  Two sha l low ponds w e r e  c o n s t r u c t e d  u s i n g  

t e c h n i q u e s  developed d u r i n g  t h e  ear l ie r  f i e l d  compaction s t u d i e s  

(see Fig.  2 ) .  Both ponds were c o n s t r u c t e d  o u t  of  Paraho r e t o r t e d  

s h a l e  p laced  i n  l a y e r s  t o  a n  o v e r a l l  t h i c k n e s s  a b o u t  1 m .  Both 

ponds had s l o p i n g  s i d e w a l l s  t o  o b v i a t e  w a l l  e f f e c t s  and t o  
e l i m i n a t e  any wall-bottom i n t e r f a c e .  One pond was c o n s t r u c t e d  

w i t h  d r y  r e t o r t e d  s h a l e  u s i n g  l i g h t  compaction. The o t h e r  pond 
w a s  c o n s t r u c t e d  o f  r e t o r t e d  s h a l e ,  mixed w i t h  optimum w a t e r ,  and 

p laced  u s i n g  heavy compaction. A f t e r  c o n s t r u c t i o n ,  bo th  ponds 

w e r e  f i l l e d  w i t h  water  and t h e  i n f i l t r a t i o n  ra tes  w e r e  measured 
u s i n g  s t a f f  gauges and f lows  through t h e  d r a i n  l i n e s .  

RESULTS AND DISCUSSION 

Compaction. The f i e l d  compaction s t u d i e s  confirmed e a r l i e r  

l a b o r a t o r y  s t u d i e s  r e g a r d i n g  t h e  e f f e c t  o f  compact ive e f f o r t ,  
m o i s t u r e  a d d i t i o n ,  and ag ing  on d e n s i t y  and s t r e n g t h .  Shown i n  

F i g u r e  3 i s  t h e  r e l a t i o n s h i p  of  compact ive e f f o r t  and added 
mois ture  on t h e  d e n s i t i e s  o f  r e t o r t e d  s h a l e .  A t  l eas t  t h r e e  

in-p lace  d e n s i t y  measurements w e r e  made i n  each  l a y e r .  R e s u l t s  
show t h a t  d e n s i t i e s  averaging  1500  kg/m3 c a n  b e  achieved .  
s t r e n g t h  of t h e  compacted r e t o r t e d  s h a l e  was measured u s i n g  

The 
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unconfined compression (ASTM 1 9 7 6 ) .  The r e l a t i o n s h i p  between t h i s  

s t r e n g t h  d a t a  and added m o i s t u r e  a t  v a r i o u s  seasoning  t i m e s  a r e  

shown i n  F i g u r e  4. The remarkable  s t r e n g t h  i n c r e a s e  o b t a i n e d  wi th  
t h e  a d d i t i o n  o f  optimum water i n d i c a t e s  t h e  o c c u r r e n c e  of some 

sort of cementing r e a c t i o n .  F u r t h e r  ev idence  o f  t h i s  cementing 
r e a c t i o n  is a p p a r e n t  where t h e  compress ive  s t r e n q t h  g a i n s  

w i t h  ag ing .  Aging 60 days  a f t e r  t h e  a d d i t i o n  of optimum water  

produced compressive s t r e n g t h s  o f  n e a r l y  1500  kPa. 

I n f i l t r a t i o n .  I n f i l t r a t i o n  d a t a  f o r  t h e  t w o  ponds a r e  l i s t e d  

i n  Table  1. Also l i s t e d  a re  i n - p l a c e  and c o r e  d e n s i t i e s ,  m o i s t u r e  

c o n t e n t s ,  and compress ive  s t r e n g t h s .  These d a t a  show t h a t  Pond I 

( h i g h  compaction, optimum w a t e r )  was w e l l - c o n s t r u c t e d .  D e n s i t i e s  

matched t h o s e  a c h i e v e d  i n  e a r l i e r  l a b o r a t o r y  and f i e l d  compaction 

tests. The s t r e n g t h ,  measured i n  a c o r e  sample ( 1 4 8 0  k P a ) ,  

exceeded t h o s e  a c h i e v e d  d u r i n g  t h o s e  ear l ie r  t es t s .  The f i e l d  
p e r m e a b i l i t y ,  as  measured by s t a f f  gauge ,  ( 4  x cm/s) ,  when 

c o r r e c t e d  f o r  i n i t i a l  a b s o r p t i o n  and normal e v a p o r a t i o n ,  

approaches t h e  v a l u e  o b t a i n e d  from a n a l y s i s  o f  t h e  c o r e  ( 6  x 

c m / s ) .  A c t u a l  i n f i l t r a t i o n  from t h e  h i g h l y  compacted pond shows 

t h e  permeat ion r a t e  t o  be 3 x c m / s .  

Pond 11, r e c e i v i n g  o n l y  l i g h t  compaction and n o  added w a t e r ,  

showed a p e r m e a b i l i t y  rate o f  2 x c m / s .  Although t h e  

p e r m e a b i l i t y  of t h i s  m a t e r i a l  i s  q u i t e  h i g h ,  e f f l u e n t s  could  be  

c o n t a i n e d  i n  a d i s p o s a l  a r e a  u s i n g  p r o p e r l y - p l a c e d ,  wel l -cons t ruc-  

t e d  m a t e r i a l  such a s  used i n  Pond I .  Even though t h e  l o o s e l y  

compacted Pond I e x h i b i t e d  a h i g h  p e r m e a b i l i t y  r a t e ,  an 

a d d i t i o n a l  f i e l d  exper iment  i n d i c a t e d  t h a t  p e r m e a b i l i t y  may n o t  

pose a s e r i o u s  problem. A f t e r  Pond I1 ( l i g h t  compaction) had 

d r i e d  thoroughly  f o r  s e v e r a l  months f o l l o w i n g  t h e  f i e l d  i n f i l t r a -  

t i o n  tes t ,  a s p e c i a l  test  w a s  conducted.  The s u r f a c e  was sprayed 
w i t h  17,400 9, of  water t o  r e p r e s e n t  a r a i n f a l l  of 5 cm i n  30 

minutes .  N o  e f f l u e n t  o c c u r r e d  f o r  n e a r l y  one f u l l  day .  A small 
seepage began t h e  second d a y  and cont inued  f o r  two d a y s .  Only 7 R 
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were collected from the drain pipe. Essentially all of the simu- 
lated rainfall was lost to absorption and subsequent evaporation. 
This indicates that leaching and permeability may not be a 
problem for Paraho retorted shale, even when lightly compacted, 
because even heavy rainfall will not penetrate the pile to 
significant depths. 

Chemical and Physical Properties. Paraho retorted shale is 
described according to standard soils classification as a 
silty-gravelly material (Rolt, 1976). A size distribution diaqram 
is presented in Figure 5 .  Some of the favorable properties of the 
retorted shale is attributed to this size distribution - like a 
good aggregate mix, this material has the proper ratio of fines to 
larger sized pieces so that the voids between the larger pieces 
are filled with fines. This relationship increases density, 
promotes strength, and reduces dusting and erosion. The chemical 
composition of retorted shale depends on the composition of the 
raw shale and the retorting process. The mineral composition of 
the Green River shale used in the Paraho operations consists of a 
complex mixture of minerals. These include: carbonates ( 5 0 % ) ,  

clays (40%), quartz (8%), and sulfides and others ( 2 % ) .  The 
principal carbonate mineral undergoing thermal reactions during 
the normal retort conditions are dolomite (CaC03-MgC03), or more 
properly ferroan (CaC03-Fex, Mg1-~C03) where a portion of the 
magnesium is replaced by iron. It is believed that ferroan under- 
goes the following chemical reaction during normal retorting 
conditions: 

(1) Ferroan + Heat + Calcite (CaCO3) + Magnesia (MgO) 
I + FeO + C02 

The mean chemical analysis of Paraho retorted shale is 
presented in Table 2. Although it is important to know this 
chemical composition, it is not helpful in assessing the compo- 
nents responsible for the cement-like properties. Much emphasis 
has been placed upon the formation of reactive oxides, such as 
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f r e e  l i m e  and magnesia ,  from c a r b o n a t e  decomposi t ion.  Although 

f r e e  l i m e  can  be formed under l a b o r a t o r y  c o n d i t i o n s  (Heis tand ,  

J o n e s ,  Morriss, 1 9 7 8 ) ,  it h a s  n o t  been d e t e c t e d  i n  t h e  r e t o r t e d  
s h a l e  used i n  t h e  f i e l d  s t u d i e s .  Although f r e e  l i m e  was n o t  

d e t e c t e d ,  magnesia (MgO) h a s  been found i n  Paraho r e t o r t e d  s h a l e .  

S u l f u r  m i n e r a l s ,  known t o  e x h i b i t  cement - l ike  p r o p e r t i e s ,  have 

been found i n  Paraho  r e t o r t e d  s h a l e  (Hol t  1 9 7 6 ) .  These i n c l u d e :  

a n h y d r i t e  (CaS04), b a s s a n i t e  (CaS04.0.5H20), gypsum (CaS04-2H20). 

These s u l f u r  m i n e r a l s  p r e s e n t  i n  t h e  r e t o r t e d  s h a l e  may be t h e r e  
a s  a r e s u l t  of  t h e  r a w  s h a l e  composi t ion  or  as  a r e s u l t  of  

a b s o r p t i o n  of  hydrogen s u l f i d e  by t h e  r e t o r t e d  s h a l e .  I t  i s  
be l ieved  t h a t  t h e  magnesia  and s u l f u r  m i n e r a l s  are r e s p o n s i b l e  

f o r  t h e  cement - l ike  p r o p e r t i e s  of  t h e  Paraho r e t o r t e d  s h a l e .  

Many s t u d i e s  have been c a r r i e d  o u t  concern ing  t h e  a n a l y s i s  of  

l e a c h a t e s  from r e t o r t e d  s h a l e .  R e s u l t s  from t h e s e  s t u d i e s  are  
h i g h l y  dependent  upon t h e  procedure  t h a t  i s  employed. L i s t e d  i n  

Table  3 are some of t h e  l e a c h a t e  d a t a  o b t a i n e d  d u r i n g  t h e  r e t o r t e d  

s h a l e  s t u d i e s .  The d a t a  show t h e  v a r i a t i o n s  o b t a i n e d  from v a r i o u s  

test  procedures .  F o r  t h e  m o s t  p a r t ,  t h e  l e a c h a t e  c o n s i s t s  of t h e  
major components i n  r e t o r t e d  s h a l e  (see Table  2 ) .  A s  t h e  compac- 

t i o n  i s  i n c r e a s e d ,  t h e  column experiments  show t h a t  t h e  l e a c h a t e  

c o n c e n t r a t i o n  i s  i n c r e a s e d ,  b u t  t h e  t o t a l  amount leached  i s  
d e c r e a s e d .  A l s o ,  t h e  l e a c h i n g  d i m i n i s h e s  as  t h e  l e a c h a t e  i s  
r e c i r c u l a t e d  which would i n d i c a t e  t h a t  l e a c h i n g  should  n o t  

proceed t o  g r e a t  d e p t h s  i n  a r e t o r t e d  s h a l e  d i s p o s a l  a r e a .  

Batch exper iments  i n d i c a t e  t h a t  a b o u t  1 w t %  o f  m a t e r i a l  i s  
e x t r a c t e d  from t h e  r e t o r t e d  s h a l e :  t h i s  m e e t s  e s t a b l i s h e d  

e n g i n e e r i n g  s t a n d a r d s  ( H o l t z ,  1976) .  Data shown i n  Table  3 

c o n s i s t s  of  ma te r i a l s  which c a n  c o n t r i b u t e  t o  s a l i n i t y ,  t o x i c  

e lements  had n o t  been c o n s i d e r e d .  More r e c e n t l y ,  t h e  U. S.  

Environmental P r o t e c t i o n  Agency h a s  proposed an e x t r a c t i o n  

procedure  t o  d e t e r m i n e  hazardous w a s t e s  (EPA, 1 9 7 9 ) .  R e s u l t s  

o b t a i n e d  us ing  t h e  proposed EPA e x t r a c t i o n  procedure  are  shown i n  

Table  4 f o r  b o t h  Paraho raw and r e t o r t e d  s h a l e s .  The low 
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c o n c e n t r a t i o n s  shown i n  Table  4 i n d i c a t e  t h a t  t h e s e  m a t e r i a l s  are 

n o t  hazardous w a s t e s  a s  i n d i c a t e d  by t h e  U .  S .  EPA. These l o w  
c o n c e n t r a t i o n s  o f  t o x i c  m a t e r i a l s  found i n  l e a c h a t e s  from Paraho 

r e t o r t e d  s h a l e  u s i n g  t h e  proposed U .  S .  EPA e x t r a c t i o n  procedure  

would n o t  be i n c r e a s e d  t o  hazardous l e v e l s  i f  a l l  of  t h e s e  

m a t e r i a l s  p r e s e n t  i n  t h e  r e t o r t e d  s h a l e  (see Table  2 )  w e r e  
s o l u b i l i z e d .  

CONCLUSIONS 

D e t a i l e d  l a b o r a t o r y  and f i e l d  s t u d i e s  have shown t h a t  Paraho 
r e t o r t e d  s h a l e  can be  compacted e a s i l y ;  i s  n o t  s u b j e c t  t o  d u s t i n g ,  

e r o s i o n ,  or a u t o - i g n i t i o n ;  and c a n  be handled  t o  c r e a t e  s t r u c t u r e s  
o f  v e r y  l o w  p e r m e a b i l i t y .  A b a s i s  f o r  t h e s e  b e n e f i c i a l  p r o p e r t i e s  

can  be found,  i n  p a r t ,  by an examinat ion  of t h e  chemical  and 
p h y s i c a l  p r o p e r t i e s  of t h e  r e t o r t e d  s h a l e .  However, more s t u d i e s  

a r e  needed t o  f u r t h e r  d e f i n e  t h e s e  chemica l  and p h y s i c a l  
p r o p e r t i e s .  R e s u l t s  from t h e s e  a d d i t i o n a l  s t u d i e s  can  f u r t h e r  

reduce t h e  p o s s i b i l i t y  of any p o t e n t i a l l y  a d v e r s e  impact  from 

r e t o r t e d  s h a l e  d i s p o s a l .  
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Moisture, w t %  

D e n s i t y ,  B o t t o m  kg/m3 
3 

Side kg /m 

S t rength ,  kPa 

P e r m e a b i l i t y ,  cm/sec x 

TABLE 1 

F I E L D  INFILTRATION ANALYSIS 

P o n d  1 
I n i t i a l  C o r e s  

22.1 18.5 

- 

1488 1697 

1395 

1482 

0.3 0.6 

TABLE 2 

RETORTED SHALE COMPOSITION 

A. Major E l e m e n t s  

E l e m e n t  

A 1  

ca 
Fe 

K 

B. T r a c e  E l e m e n t s  

E l e m e n t  

A s  

B 

B a  

C d  

C r  

cu  

Hg 

Wt% 
4.6 

12.6 

2.3 

1 . 4  

PEE 
6 2  

140 

530 

1 

38 

5 1  

0.02 

E l e m e n t  

M g  

Na 

S i  

T i  

E l e m e n t  

Mo 

N i  

P b  

Sb 

S e  

Sn 

V 

Z n  

Pond 2 
I n i t i a l  

0.0 

1466 

2000 

Wt% 
4.3 

2 .o 

17.3 

0.2 

ppm 
35 

35 

33 

3 

2 

< 2  

108 

8 3  

132 



TABLE 3 

FIELD LEACHATES 

Material 

L e a c h a t e  V o l u m e ,  R 
PH 

C a l c i u m  

M a g n e s i u m  

Sodium 

Potassium 

S i l i con  

Sulfate  

C h l o r i d e  

A l k a l i n i t y  (as CaC03) 

A r s e n i c  

B o r o n  

Cadmium 

L e a d  

Mercury 

M o l y b d e n u m  

A r s e n i c  

B a r i u m  

Cadmium 

Chromium 

Mercury 

L e a d  

S e l e n i u m  

S i l v e r  

L o o s e  F i l l  

250,000 

10.4 

mg/R 

480 

2.6 

1,740 

161 

3 

1,112 

651 

1.9 

5.8 

1.7 

< 0.005 

0.07 

0.012 

1.7 

TABLE 4 

LEACHATE DATA 
EPA EP TEST (RCRA) 

C o m p a c t e d  

1500 

11.4 

m g / R  

55 

1.4 

3510 

91 

3.3 

1314 

112 

454 

3.9 

1.7 

0.005 

0.07 

0.010 

4.3 
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FIGURE 1 
FIELD COMPACTION S I T E  

FIGURE 2 
FIELD INFILTRATION SITE 

I 

POND 2 POND 1 
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1600 
FIGURE 3 

DENSITY 

Density 
b/m3 

Compactive E f f o r t  
MN/m3 

1360 
1.5 4.5 7.5 

F I G U R E  4 
1.4 UNCONFINED COMPRESSION 

Optimum 
Moisture 

Compressive Strength I kPa 

Moisture 

\ c 

:\\ 0.5 Moisture 

I Seasoning tlrs. \ 
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F I G U P S  5 
G R A D A T I O N  RESULTS 

Sand I Gravel 
Fine 1 Medium 1 Coarse 1 Fine 1 Coarse 

, 

80 

Passing After  
Compaction 

60 K 
As 

3eceived 
-/-- 

J 

20 

P a r t i c l e  Size,  mm 

0.15 0.59 2.4 9.5 38.1 
I I 

136 



, 

Effect of Thermal Processing on the Properties of Cold Lake Asphaltenes 

Kenneth A .  Gould and Martin L .  Gorbaty 

Corporate Research Science Laboratories 
Exxon Research and Engineering Company 
P. 0. Box 45, Linden, New Jersey 07036 

Introduction 
A be t te r  understanding of the composition and properties of heavy feeds 

such as Cold Lake and Arabian Heavy o i l s  i s  central  t o  the development of 
improved upgrading technology. An important question which must be answered 
i s  t o  what extent these materials a re  thermally a l te red  during refinery d i s t i l l a t i o n .  
These heavy o i l s  already contain large percentages of refractory materials such 
as asphaltenes, and i t  would be highly undesirable t o  increase the amount o r  
degrade the quali ty of these components. We have, therefore,  investigated the 
e f f ec t  of heat treatment during d i s t i l l a t i o n  on the quantity and physical and 
chemical properties of asphaltenes. Cold Lake crude was chosen fo r  th i s  study 
since i t  is  known t o  be a thermally sens i t ive  material .  Any changes caused by 
thermal treatment should, therefore,  be more obvious than w i t h  a more s t ab le  feed. 
We report  here the resu l t s  of a variety of measurements made on the asphaltenes 
i so la ted  from Cold Lake crude o i l  and from i t s  vacuum d i s t i l l a t i o n  residue. I t  
should be borne in mind tha t  Cold Lake crude i s  subjected t o  the high temperatures 
of pressurized steam used in the production process and may conceivably have  
already undergone some thermal a l te ra t ion .  The  present study, however, i s  designed 
primarily t o  learn i f  any fur ther  changes might occur during refining. 
Background 

a l te red  during crude o i l  handling and processing has remained unresolved. 
one investigation, samples o f  a Tartar mineral o i l  d i s t i l l a t i o n  residue were 
heated fo r  f ive  hours t o  163°C and then for  another f ive  hours t o  400°C t o  simulate 
conditions d u r i n g  d i s t i l l a t i o n . 1  
decrease in asphaltene H/C r a t i o  were observed. In addition, d i s t i l l a t i o n  residues 
from various other crudes were heated t o  various temperatures f o r  three hours and 
then pentane deasphaltened. I t  was observed t h a t  asphal tene H / C  r a t io s  decreased 
rapidly above 3OOOC from 1.1 t o  0.6. 

a f t e r  heating maltenes i n  sealed v ia l s  t o  various temperatures. 
conversions were approximately f i r s t  order a t  the lower temperatures, they changed 
s igni f icant ly  a t  450°, the region of technical i n t e r e s t  for  many re f in ing  operations. 
Significant formation of new asphaltenes was seen t o  occur. Deasphaltened maltenes 
were a l so  separated by alumina chromatography in to  a non-aromatic "gasoline" 
e lua te ,  a strongly aromatic benzene e lua te ,  and a resinous benzene-methanol eluate.  
Pentane insolubles were obtained from a l l  three f rac t ions  upon heating a t  
re la t ive ly  low temperatures, although the ra tes  were qui te  d i f f e ren t .  
the highest yields a t  the f a s t e s t  ra tes  while the aromatic o i l s  showed about the 
same y ie ld ,  but a t  a much slower ra te .  The y i e ld  and r a t e  were lowest fo r  the 
non-aromatic o i l s ,  and t h e i r  pentane insolubles were mostly toluene insolubles 
and pyridine insolubles rather t h a n  asphaltenes. The report  a l so  claimed tha t  
asphaltenes were formed even a t  20" i n  the  absence of a i r  a t  re la t ive ly  slow ra tes .  

A study of t h  e f f e c t  of heat on asphaltene decomposition a t  350-380°C 
i n  a helium flow system5 resulted in the following observations: 
1. decomposition was found t o  be f i r s t  order in asphaltenes 

The question of whether and t o  what extent asphaltenes are formed or 
In 

Both an increase in asphal tene content and a 

Table 11 shows the asphaltene y ie lds  obtained by these investigators 
Although the 

Resins gave 
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2 .  
n o t  vary with the ex ten t  of cracking implying t h a t  the mechanism i s  independent 
of the percent cracking 
3.  
of carbon black (manner not spec i f ied)  did not change the reaction r a t e  
4. 
reaction time, implying t h a t  these products a re  intermediates i n  pyridine insoluble 
formati on. 
These observations led t o  the proposal of a f r ee  rad ica l ,  chain reaction mechanism. 
Aspects of the mechanism include: 
which could abs t rac t  hydrogen and leave as l i g h t  products, ( 2 )  reaction of 
s tab i l ized  f ree  rad ica ls  (formed by hydrogen abs t rac t ion)  which could in te rac t  
with asphaltenes t o  form la rger  and l a rge r  condensation products, and ( 3 )  formation 
of toluene insolubles,  ? . e .  l i nea r  condensation products, and pyridine 
insolubles,  i .e.  cross-linked products. These chain reactions cou d be terminated 
by formation of very s t ab le  radicals t h a t  could not reac t  further.4 This mechanism 
i s  in accord with the conclusions of Speight, who has stated t h a t  formation of 
paraffins during pyrolysis of Athabasca asphaltenes probably occurs interaction 
of alkyl rad ica ls  with hygrogen produced during aromatization and condensation 
of polycyclic s t ruc tu res .  
found t o  occur primaril 

asphaltene melting point increase with increasing fractional aromaticity,  f a , ,  
but thermal s ens i t i v i ty  increased in the same d i rec t ion .  
f 
i k o l u b l e s  a f t e r  one hour a t  375°C. 
conversion t o  toluene insolubles was observzd. 
Experimental 
Preparation of Asphal tenes  - Asphaltenes were obtained by n-heptane precipitation 
from e i t h e r  Cold Lake crude o r  vacuum residuum using typical deasphaltening 
procedures. 
of heptane. 
several times w i t h  heptane and pentane and dried in vacuo a t  BO'.) 
Pyrolysis of Asphal tenes - Pyrolyses were performed using the apparatus shown 
in Figure l . 5  The appropriate material was placed in a quartz tube with 24/40 
ground jo in t s  and a dry ice condenser was attached. 
and flushing with nitrogen several times, the material was pyrolyzed a t  the 
appropriate temperature fo r  10 min. Char and l iqu id  y i e lds  were calculated from 
the weights of the pyrolysis tubes and condensers before and a f t e r  reaction. 
Analytical Data - Instrumental analyses and spectra were made on the following 
equipment: infrared spectroscopy, Digilab FTS-14 Fourier transform spectrophotometer; 
vapor pressure osmometry, Hitachi-Perkin Elmer 115; gel permeation chromatography, 
Waters Assoc. 200; nuclear magnetic resonance spectrometery, Varian Assoc. A60 
and XL100; thermogravimetri c analysis , modified Stanton thermobal ance ; di f fe ren t i  a1 
scanning calorimetry, Perkin Elmer DSC 2 ;  and electron spin resonance spectrometer, 
Varian Assoc. Century spectrometer with E102 X band microwave bridge operating 
a t  9.5 GHz. 

the  percent coke make expressed a s  a percent of asphaltenes decomposed did 

a "20,000 fold increase in surface area" of the asphaltenes 

toluene insolubles were formed in amounts tha t  decreased w i t h  increasing 

introduction 

( 1 )  formation of small radical fragments 

Carbon-carbon bond breaking i n  these asphaltenes was 

In o ther  work4, x-ray analysis led t o  the conclusion tha t  not only did 

T h u s ,  asphaltenes w i t h  

8 t o  aromatic rings. 

>0.32 were more sens i t i ve  and were transformed t o  a large extent t o  toluene 
When f was 0.17 and 0.24, only 18-32% 

( i . e .  One par t  of residuum was refluxed f o r  one hour w i t h  10 par t s  
The mixture was then f i l t e r e d  and the insoluble asphaltenes washed 

After a l t e rna te ly  evacuating 

Results and Discussion 

qua l i ty  and quantity during thermal treatment depend strongly on both the origin 
of the o i l  and the  sever i ty  of the treatment. 
concerning s t a b i l i t y  can only be answered via studies on the par t icu lar  o i l  a t  
the par t icu lar  conditions of in te res t .  

The findings discussed indicate t h a t  changes i n  asphaltene 

This means tha t  spec i f ic  questions 
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TO provide raw material f o r  t h i s  comparative study o f  untreated and 
heat-treated o i l s ,  asphaltenes from Cold Lake crude (crude asphaltenes) and 
from Cold Lake vacuum residuum (residuum asphal tenes) were prepared by n-heptane 
precipitation as  described in the Experimental Section. 
fraction was prepared by Imperial Oil Enterprises,  L t d .  a t  Sarnia,  Ontario, 
Canada. The d i s t i l l a t i o n  history of t h i s  bottoms f rac t ion  indicates t h a t  the 
pot material was subjected t o  temperatures as  high as 314-318" during atmospheric 
and vacuum d i s t i l l a t i o n .  The length of time a t  3OO0C o r  higher was about two 
hours. This i s  well i n  excess of what would be experienced i n  a p ipes t i l l  and 
should have provided ample time for  any decomposition. 
however, t ha t  since i t  was possible t o  maintain the system vacuum a t  0.35 mn, 
the maximum temperature experienced by the  residuum was not qu i te  a s  high a s  i t  
might be during refinery d i s t i l l a t i o n  (e.g. ca 370'C). 

Table I1 shows the yields of asphaltenes obtained from several 
deasphaltening operations on crude o i l  and bottoms. The y i e lds  on bottoms were 
normalized t o  yields on crude by correcting f o r  the quantity of d i s t i l l a t e s  i n  the 
crude. 

and i s  thus s l i gh t ly  higher than the average value of 10.2% f o r  the crude o i l .  
The 0.6% difference i s ,  however, within the observed experimental var ia t ion  
of 1 .O% and i s  therefore n o t  considered s igni f icant .  

The average elemental compositions fo r  several preparations o f  crude 
and residuum asphaltenes a re  shown in Table 111. 
asphaltenes a re  quite s imi la r  w i t h  the  differences between them being l e s s  than 
the typical e r rors  from analysis t o  analysis.  The H / C  r a t io s  a re  almost ident ica l .  

B o t h  the number average molecular weights as determined by vapor pressure 
osmometry and extrapolated t o  zero concentration and the gel permeation 
chromatographic molecular weight d i s t r ibu t ions  indicate tha t  the crude and residuum 
asphaltenes do d i f f e r  in molecular weight. 
Table IV and comparative GPC traces a re  shown in Figure 2. 
these data,  both techniques indicate tha t  the crude asphaltenes have a s ign i f i can t ly  
higher molecular weight than the residuum asphaltenes. 
surprising since one would not a pr ior i  expect thermal cracking a t  such low 
temperatures, s320"C, even w i t h  a thermally sens i t ive  crude such as Cold  Lake. 
This explanation, however, cannot be ruled out. Another poss ib i l i t y  which could 
account fo r  lower molecular weights i n  the residuum asphaltenes, s ide  chain 
dealkylation, can be eliminated on the  basis of nuclear magnetic resonance resu l t s  
(vide in f r a ) .  
induced dissociation of FII complexes which may help t o  hold the asphaltenes macro- 
s t ruc ture  together.* 

nuclear magnetic resonance, and electron spin resonance techniques. 
and 5 show the resu l t s  of the IR analysis.  
two asphaltene spectra (Figures 3 and 4) a re  quite s imi la r ,  showing no obvious 
qua l i ta t ive  differences.  
spectrum (Figure 5 )  was generated by computer using the data accumulated f o r  
Figures 3 and 4. 
obtained. 

residual solvent or i t  may represent a very minor difference between the two 
asphaltenes. 

The Cold Lake residuum 

I t  should be noted, 

The average percentage of asphaltenes in the bottoms i s  10.8% on crude 

As can be seen, the  two 

The VPO resu l t s  a r e  summarized in 
As can be seen from 

T h i s  r e su l t  is  somewhat 

Another possible cause of the molecular weight reduction i s  thermally 

The two asphaltenes were a l so  examined spectrometrically by inf ra red ,  

I t  i s  immediately apparent t h a t  the  
Figures 3 ,  4 

To learn i f  more subt le  differences ex is ted ,  a difference 

This demonstrates t h a t  v i r tua l ly  complete cancellation can be 
The  only residual absorption of any s 'gnificance in th i s  highly 

magnified spectrum i s  the small peak a t  2950 cm- 1 . This may r e su l t  from t races  of 

*Deasphaltening done a t  h i g h e r  solvent t o  o i l  r a t io s ,  i . e .  from 20:l t o  40:1, 
show s imi la r  molecular weight differences between crude and residuum asphaltenes, 
implying tha t  the r a t i o  used here, lO:l ,  did not cause the observed differences.  ( 6 )  
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I n  t h e  case o f  t h e  magnetic resonance c h a r a c t e r i z a t i o n ,  both I 3 C  NMR 
and proton NMR were employed t o  o b t a i n  the  percentages o f  aromat ic  carbon and 
hydrogen. The r e s u l t s  a re  shown i n  Table V. Although t h e  measured l e v e l s  o f  
aromat ic  hydrogen a r e  w i t h i n  experimental u n c e r t a i n t y  o f  each o the r ,  t h e  
d i f f e r e n c e  i n  aromat ic  carbon i s  probably  s i g n i f i c a n t .  Nevertheless, t h i s  
d i f ference i s  smal l  and i n d i c a t e s  t h a t  t h e  aromat ic  carbon contents  a r e  qu e 
s i m i l a r .  I n  a d d i t i o n ,  a t tempts t o  d i sce rn  q u a l i t a t i v e  d i f f e r e n c e s  i n  t h e  NMR 
were i n  va in.  These r e s u l t s  i m p l y  t h a t  very l i t t l e ,  i f  any, d e a l k y l a t i o n  o r  
a romat i za t i on  has occu r red  d u r i n g  the crude d i s t i l l a t i o n  procedure. 

by e l e c t r o n  s p i n  resonance techniques. 
(V=O +2) resonance o f  t h e  s o l i d  s t a t e  w h i l e  the  o t h e r  a r i s e s  f rom unpai red 
e l e c t r o n s  which a r e  p resen t  i n  t h e  form o f  r e l a t i v e l y  s t a b l e  f r e e  r a d i c a l s .  
crude and residuum asphal tenes were examined by ESR, and t h e  r e l e v a n t  data are 
summarized i n  Table V I .  

It i s  apparent  f rom t h e  chemical s h i f t s  (9-va lues) ,  t h e  hyper f i ne  
c o u p l i n g  constants  (A-values) and the l i n e w i d t h s  t h a t  t h e  f r e e  r a d i c a l s  and 
vanadyl species are i n  v e r y  s i m i l a r  environments i n  bo th  samples. 
p o s s i b l e  t o  o b t a i n  meaningfu l  values f o r  t h e  absolute numbers o f  sp ins p e r  gram 
f o r  e i t h e r  species, b u t  est imates o f  t h e  r e l a t i v e  concentrat ions obta ined by 
measuring peak h e i g h t s  i n d i c a t e  t h a t  t h e  vanadyl and f r e e - r a d i c a l  concentrat ions 
do n o t  d i f f e r  s i g n i f i c a n t l y  between t h e  two asphaltenes. 
h e a t  t reatment  o f  Cold Lake asphaltenes t o  320' does n o t  a l t e r  t h e  na tu re  o r  
abundance o f  paramagnetic cen te rs .  

Since most o f  t h e  phys i ca l  p r o p e r t i e s  o f  t he  asphaltenes d i d  now show 
any major d i f f e rences ,  thermal r e a c t i v i t y  was i n v e s t i g a t e d  i n  an e f f o r t  t o  
d i s c e r n  any d i f f e r e n c e s  which m igh t  e x i s t  i n  chemical r e a c t i v i t y .  D i f f e r e n t i a l  
scanning c a l o r i m e t r y  and thermograv imetr ic  ana lys i s  as w e l l  as r a p i d  p y r o l y s i s  
were employed. 
t o  be g lass  t r a n s i t i o n s  o c c u r r i n g  a t  175" and 172" f o r  t h e  crude and residuum 
asphaltenes, r e s p e c t i v e l y .  The TGA curves f o r  t h e  two m a t e r i a l s  were a l s o  
v i r t u a l l y  i d e n t i c a l ,  d i f f e r i n g  
temperature. 
d i f f e r e n c e s  i n  t h e  two asphaltenes. 

u n i t  w i t h  a heatup t i m e  o f  one t o  two minutes, v i r t u a l l y  i d e n t i c a l  res idue  y i e l d s  
were obtained. 

Petroleum asphaltenes e x h i b i t  two general types o f  s i g n a l s  when examined 
One i s  t h e  16 - l i ne ,  an i so t rop i c ,  vanadyl 

The 

It was no t  

It thus  appears t h a t  

The o n l y  no tab le  features o f  t h e  DSC analyses were what appeared 

by l ess  than one percent  v o l a t i l e  ma t te r  a t  any 
Both o f  t hese  techniques thus i n d i c a t e  e s s e n t i a l l y  no d i sce rnab le  

S i m i l a r l y ,  when t h e  p y r o l y s i s  behavior  was s t u d i e d  i n  a r a p i d  hea t ing  

Summary and Conclusions 
The c h a r a c t e r i s t i c s  o f  Cold Lake crude and residuum asohaltenes have 

been compared by a number o f  inst rumenta l  and phys i ca l  techniques. They were 
e s s e n t i a l l y  i d e n t i c a l  i n  q u a l i t y  and q u a n t i t y  except t h a t  the crude asphaltenes 
e x h i b i t e d  h i g h e r  average mo lecu la r  weights as w e l l  as molecular  weight  d i s t r i b u t i o n s  
peaking a t  h i g h e r  mo lecu la r  weights  than d i d  t h e  residuum asphaltenes. 

The thermal h i s t o r y  o f  these p a r t i c u l a r  residuum asphaltenes i s  much 
more severe i n  terms o f  hea t ing  t i m e  than would o r d i n a r i l y  be t h e  case f o r  a 
r e f i n e r y  p roduc t  from a p i p e s t i l l  since, i n  the  p resen t  instance, a p o t  d i s t i l l a t i o n  
was used. 
l e s s  d i f f e r e n t  f rom t h e i r  respec t i ve  crude asphaltenes than i n  t h i s  i n v e s t i g a t i o n ,  
assuming t h a t  p i p e s t i l l  temperatues would be kept  below t h e  decomposit ion temperatures 
f o r  t h e  asphaltenes. 
i n  t h e  event  t h a t  a crude which i s  less the rma l l y  s e n s i t i v e  than Cold Lake i s  
i nvo l ved .  

It t h e r e f o r e  seems l i k e l y  t h a t  r e f i n e r y  asphaltenes should be even 

Furthermore, any d i f f e r e n c e s  should be f u r t h e r  d imin ished 
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Since the  Cold Lake crude used i n  t h i s  i n v e s t i g a t i o n  has been exposed 
t o  t h e  temperature o f  t h e  p ressu r i zed  steam used i n  t h e  o i l  product ion,  one 
cannot be c e r t a i n  t h a t  some thermal changes had n o t  a l ready occurred i n  t h e  
crude o i l .  
recovered w i thou t  steam i n j e c t i o n )  Cold Lake crude asphaltenes a r e  be ing  i n v e s t i g a t e d  
by many of these same techniques and w i l l  be descr ibed i n  a f u t u r e  r e p o r t .  
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Asphal tene Y ie lds  fran Heat T r e a t i n g  o f  Maltenes 

T (OC) Maximum % Asphal tenes t”‘ ( h r . )  

350 18 70 

400 32 8 

450 36 1 

Table X I  

Asphal tene Y i e l d s  f rom Cold Lake Crude and Residuum 

Source 

Residuum 

Residuum 

Crude 

Crude 

Crude 

% Asphaltenes (On Crude) 

10.6 

10.9 

9.9 

9.8 

10.8 

Table 111 

Average Elementa l  Analyses for  Crude and Residuum Asphaltenes 

Asphal tene N i  V 
Source - % C  - % H  - % N ~ p p J & t i &  

Residuum 81.81 7.75 1.42 8.01 329 893 1.14 

Crude 82.14 7.65 1.28 7.78 345 935 1.12 
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Table IV 

Number Averaqe Molecular Wei qhts 
4) for Crude and Residuum Asphaltenes 

Asphaltene Source r?, Average t+, 

Res i duum 5120 

4400 

5850 5305 

5850 

Crude 8250 

6120 

6850 

6600 

6955 

Table V 

Aromatic Carbon and Hydrogen 

Contents of Cold Lake Asphaltenes 

Asphal tene Source 5 u 
Crude 52.0 t 1 13.7 2 0 . 5  

Residuum 50.4  t 1 14.2 0.5 

143 



Tab le  VI 

ESR Pa rame te r s  f o r  Cold Lake Aspha l t enes  

Parameter  Crude Asphal t e n e s  Residuum Asphal t e n e s  

174.0 

56.3 

1.9632 

1.9837 

174.4 

56.7 

1.9629 

1.9813 

Free Radical :  

9 

l i n e w i d t h  ( G )  

2.00308 

6.4 

2.00307 

6.6 
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FIGURE 2 

MOLECULAR WEIGHT DISTRIBUTIONS OF COLD LAKE 
CRUDE A N D  RESID ASPHALTENES 
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FIGURE 3 

IR SPECTRUM OF COLD LAKE CRUDE ASPHALTENES (1% KBr) 
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FIGURE 4 

IR SPECTRUM O F  COLD LAKE RESID ASPHALTENES (1% KBr) - 
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FIGURE 5 

DIFFERENTIAL IR SPECTRUM O F  CRUDE A N D  RESID ASPHALTENES 
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RECOVERY OF OIL FROM TAR SANDS BY AN ENERGY-EFFICImT PROCESS 

K. M. Jayakar, J. D. Seader, A. G. Oblad, and K. C. Hanks 

Departments of Chemical Engineering and Fuels Engineering 
un ive r s i ty  of Utah, S a l t  Lake C i ty ,  Utah 84112 

Oil-imprecpated rock depos i t s ,  more commonly r e fe r r ed  t o  a s  tar sands, a r e  
found on every con t inen t  except Aus t ra l ia  and A n t a r c t i c a [ l l .  The l a r g e s t  known 
depos i t s  occur in nor thern  Alberta,  Canada, where two fu l l - sca l e  commercial 
p l a n t s  for producing syn the t i c  crude o i l  a r e  i n  operation and two more p l an t s  
have been approved f o r  cons t ruc t ion .  Of the  24 s t a t e s  that contain tar sands 
i n  t h e  United S ta t e s ,  fit- [ 2 1  es t imates  t h a t  about 90-95 percent  of these  
t a r  sands l i e  i n  Utah. Although the  Utah depos i t s  contain only about 25 b i l l i o n  
b a r r e l s  of in-place bitumen, compared t o  900 b i l l i o n  b a r r e l s  i n  Canada, a s  
discussed by Oblad e t  a l .  131, t he  Utah depos i t s  represent  an important poten- 
t i a l  domestic source of synthe t ic  petroleum. 

bitumen from t a r  sands. Although Utah t a r  sands can be  considerably d i f f e r e n t  
from Canadian tar sands with respec t  t o  phys ica l  and chemical p rope r t i e s  141, 
Sepulveda and M i l l e r  [51 have successfu l ly  processed tar  sands from high-grade 
Utah depos i t s  with a modified hot-water process t h a t  uses high-shear condi t ions  
t o  overcome the  higher v i s c o s i t y  of Utah tar-sand bitumens. More recent  work 
by Misra and Mi l le r  161 has been successful i n  processing medium-grade Utah 
depos i t s .  Other methods f o r  processing t a r  sands t h a t  have been s tudied  
ex tens ive ly  I11 inc lude  var ious  in - s i tu  techniques and mining followed by 
d i r e c t  coking, so lvent  ex t r ac t ion ,  or cold-water separation. Of the  o the r  
methods t h a t  use mined ma te r i a l  as the  feed s tock ,  d i r e c t  coking processes,  
genera l ly  r e fe r r ed  t o  as  thermal recovery methods, appear t o  exh ib i t  t he  most 
promise a s  a l t e r n a t i v e s  t o  hot-water processing because thermal recovery methods 
avoid handling of v i scous  bitumen, recovery of sediment from so lu t ions ,  and 
recovery and recyc le  of water and/or solvents.  In  the  work presented here, a 
new energy-ef f ic ien t  thermal process was developed and applied t o  t a r  sands 
from three  Utah depos i t s .  

THERMAL RECOVERY PROCESSES 

operating plants in Canada employ a hot-water process f o r  recovering 

The concept of recovering l i qu id  and/or gaseous hydrocarbons from s o l i d  
hydrocarbon-bearing ma te r i a l s  by thermal treatment has been known f o r  severa l  
cen tu r i e s  [71 .  Thermal treatment e s s e n t i a l l y  e n t a i l s  processing a t  high 
temperature. In  m o s t  t h e m 1  processes,  t he  feed  mater ia l  is  heated i n  an 
i n e r t  or non-oxidizing atmosphere. 
temperature l a rge ly  determine the  type of changes occurring t o  t h e  feed, which 
can include: 1) v o l a t i l i z a t i o n  of any low-molecular-weight components in t he  
feed ,  2 )  generation of vapors by cracking r eac t ions ,  and 3 )  conversion of p a r t  
of t h e  m t e r i a l  i n t o  coke, by reac t ions  such a s  polymerization. 
of feed m i t e r i a l s  such as t a r  sand, which contain a s ign i f i can t  amount of s i l i c a  
sand o r  o the r  inorganic inert matter that remains subs t an t i a l ly  unchanged 
through t h e  thermal t rea tment ,  coke i s  obtained a s  a depos i t  on the  inorganic 
mat te r .  

t h e  necessary sens ib l e ,  l a t e n t ,  and reac t ion  hea ts .  However, a s  discussed 
by Oblad e t  al .  131, coke, when produced as above and subsequently combusted, 
can generally provide much o r  a l l  of t h i s  energy requirement. Combustion, 
r e fe r r ed  to by some au tho r s  a s  decoking o r  burning, i s  therefore  an important 
a spec t  of thermal-recovery methods. 

d i r e c t  heated and i n d i r e c t  heated,  depending on whether py ro lys i s  and combus- 
t i o n  Steps a r e  c a r r i e d  o u t  in one or  two reac t ion  vesse ls .  
f u r t h e r  d i f f e r  from each o the r  with respec t  t o  fluidized-bed o r  moving-bed 

The mode of hea t ing  and the  opera t ing  

In t he  case  

Thermal processing can requi re  a subs t an t i a l  input  of energy t o  provide 

Moore e t  a l .  [E l  c l a s s i f y  thermal processes i n t o  two general  groups, 

The processes 
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state of so l id s  i n  each of t h e  two steps.  
c l a s s i f i c a t i o n  scheme that f i t s  most known thermal processes.  References 
a r e  included i n  that table. 
discussed i n  d e t a i l  by Bunger [41, t h e  syn the t i c  crude o i l  product obtained 
cannot,  i n  general ,  be  used a s  a s u b s t i t u t e  f o r  crude petroleum b u t  must be 
upgraded t o  reduce su l fu r  and ni t rogen contents ,  average molecular weight, 
and C/H r a t i o .  

processing temperatures, about 450-550°C f o r  pyrolysis ,  and the  r e s idua l  
coked sand is  fu r the r  heated t o  about 550-6OO0C during the  combustion step. 
A t  t hese  conditions,  an acceptable  thermal e f f i c i ency  can only be obtained 
i f  a s ign i f i can t  port ion of t h e  sensible  h e a t  in t h e  spent sand is recovered 
and introduced back into t h e  process.  Almost a l l  the processes i n  Table I 
provide f o r  heat  recovery from spent sand be fo re  it is  discarded. 

Gishler and Peterson [17, 24, 251 i n  Canada. The process scheme resembles 
t h a t  of c a t a l y t i c  cracking a s  used i n  the  petroleum industry.  Tar sand i s  
fed  t o  the  pyrolysis  or coker bed, where t h e  o i l  vapor produced is  c a r r i e d  by 
the  f l u i d i z i n g  gas t o  the  product co l l ec t ion  system. Coked sand i s  withdrawn 
from the coker and blown by preheated a i r  i n t o  t h e  burner where t h e  coke i s  
burned. A port ion of t h e  h o t  sand is recycled to  t h e  coker t o  supply hea t  
f o r  t h e  pyrolysis  s t ep ,  with t h e  r e m i n d e r  discarded through an overflow pipe 
i n  t h e  burner bed. Two se r ious  drawbacks of t h i s  process,  a s  noted by Camp 
Ill, a r e  the large recycle  of ho t  sand required and the  high energy content  of 
t he  n e t  spent sand. Rammler (231 has described the  appl icat ion of t h e  Lurgi- 
Ruhrgas process to t a r  sands. Like t h e  Gishler  and Peterson process,  it uses  
sand a s  the  heat  c a r r i e r .  

T a b l e  I shows a general  process  

Regardless of t h e  thermal process used, a s  

I n  a l l  thermal recovery processes,  tar sand i s  subjected t o  high 

Perhaps the b e s t  known fluidized-bed process  is t h e  one developed by 

DEVELOPMENT OF AN ENERGY-EFFICIENT THERMAL PFOCESS 

The pa r t i cu la t e  nature  o f  t h e  mineral matter i n  most t a r  sands permits 
f l u id i zed  processing with seve ra l  advantages: 1) d i s in t eg ra t ion  of lumps 
of t a r  sand t o  individual  p a r t i c l e s  upon t h e  pyrolysis  of the  bitumen; 
hence such feeds do no t  have t o  be reduced t o  a small  s i z e  p r io r  t o  en t ry  
in to  the pyrolysis r eac to r ;  2)  r e l a t i v e  ease of handling so l id s  because 
f lu id i zed  so l id s  flow through pipes  l i k e  l i q u i d ;  3 )  high hea t - t r ans fe r  
r a t e s  between f lu id i z ing  medium and s o l i d  p a r t i c l e s ;  4 )  nearly isothermal 
operat ion,  which permits c lose control  of t h e  temperature of py ro lys i s ,  a 
var iable  a f f ec t ing  product y i e l d s ,  qua l i t y ,  and energy requirements; 5) high 
r a t e s  f o r  mass t r a n s f e r  between p a r t i c l e  surface and f lu id i z ing  medium, which 
i s  important fo r  a high r a t e  o f  feed pe r  u n i t  area without forming agglomerates; 
6) accommodation of va r i a t ions  i n  bitumen content  of feed by regulat ing t h e  
flow of f lu id i z ing  gas;  and 7) ease of immersion of hea t  t r ans fe r  tubes or 
heat  exchangers i n  the f lu id i zed  beds with accompanying high heat- t ransfer  
coe f f i c i en t s .  The l a s t  f ac to r  is p a r t i c u l a r l y  important f o r  t h e  type of 
process developed i n  t h i s  study and c o n s t i t u t e s  the primary reason f o r  t h e  
choice here of f lu id i zed  pyrolysis .  A f lu id i zed  bed reconunends i t s e l f  f o r  
burning coke fo r  e s s e n t i a l l y  the  same reasons a s  f o r  pyrolysis  and w a s  used, 
therefore ,  f o r  the process developed here .  

heat  t r a n s f e r  f o r  preheat  and pyrolysis .  These include 1) preheating the  t a r -  
sand feed, separately from the pyrolysis  s t e p ,  general ly  to recover hea t  from 
outgoing ho t  'gaseous streams; 2 )  preheating the  incoming process gas  streams, 
general ly  to  recover hea t  from spent  sand or s o l i d s  res idue leaving t h e  
process;  3) t r ans fe r  o f  hea t  from the burner t o  the  pyrolysis  r eac to r  i n  t h e  
form of sensible  heat  of gases leaving the burner,  general ly  by d i r e c t  hea t  
exchange with the  contents  of t h e  py ro lys i s  zone; and 4 )  i n t e r n a l  combustion 
of coke i n  the  pyrolysis  r eac to r  i t s e l f  with a control led amount o f  oxidizing 
gas so t h a t  only a po r t ion  of t he  hydrocarbons i n  t h e  py ro lys i s  zone, 
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preferab ly  coke, is combusted; 5) t r ans fe r  of  hea t  from the  burner t o  the  
pyro lys i s  s t e p  by recyc le  of ho t ,  spent sand a s  a hea t  c a r r i e r .  

t a r  s a n d  becomes s o f t  and s t i cky ,  making it impossible t o  feed by c o m n  
feeding devices such as a screw conveyor. Feature 2 can be and generally i s  
incorporated i n t o  mst thermal processes.  However, a maximum of only about 
25 percent of the  energy i n  the  h o t ,  spent sand can be recovered by pre- 
heating the  oxidizing gas f o r  coke combustion. I n  Feature 3, the amunt  of 
energy tha t  can be c a r r i e d  by gases from the  combustion zone to  the  pyro lys i s  
m n e  i s  r e l a t i v e l y  s m a l l .  
between the  two zones b y  conduction, convection, and/or rad ia t ion .  Unless 
this can be accomplished on a l a rge  sca l e  with l i t t l e  o r  no combustion of  
bitumen, Feature 4 is  not  p r a c t i c a l .  Feature 5 is p r a c t i c a l ,  bu t  excessive 
recyc le  of ho t ,  spent  sand is  required,  thus g rea t ly  increasing the  required 
s i z e s  of pyro lys i s  and combustion reac tors  and necess i t a t ing  l a rge  devices 
to convey the  sand. 

Another poss ib l e  means of t r ans fe r r ing  hea t  from the  coke-combustion 
s tage  t o  t h e  pyro lys i s  s t age  i s  by the use of i n d i r e c t  hea t  exchange not 
involving sand o r  gas.  
was implemented by incorpora t ing  hea t  p ipes  t o  t r a n s f e r  the  bulk of the  
energy required f o r  s o l i d  prehea t  and pyro lys i s  from the coke-combustion stage.  
A hea t  pipe, f o r  the  purpose here,  may be defined simply as a completely 
enclosed tubular  device with very high e f f e c t i v e  thermal conductance, which 
t r ans fe r s  heat by two-phase c i r cu la t ion  of a working f l u i d  [281. 

I n  opera t ion ,  h e a t  i s  t r ans fe r r ed  t o  one end of the  hea t  p ipe ,  causing 
the working f l u i d  t o  vaporize.  The vapor flows to t h e  o the r ,  cooler  end due 
to  the  pressure grad ien t  set up in s ide  the  c e n t r a l  vapor core of the  hea t  
pipe.  There, t he  vapor condenses on t h e  tube w a l l  and in s ide  a wick, t rans-  
f e r r ing  hea t  to the  surroundings. The condensate then re turns  t o  the  warmer 
end, t h u s  completing the  c y c l i c  flow of the f l u i d .  Because a l a rge  amount of 
hea t  can be t r ans fe r r ed  by a heat p ipe ,  i t s  so-called e f f ec t ive  thermal 
conductivity can be extremely high. For appl ica t ion  t o  thermal processing of 
t a r  s a n d s ,  potassium w a s  s e l ec t ed  a s  the working f l u i d .  

The e s s e n t i a l  f ea tu re s  of the  reac tor  system f o r  t he  new thermal 
process developed i n  t he  work reported here a re  i l l u s t r a t e d  i n  the  s impl i f ied  
process scheme of Figure 1. Freshly mined and s ized  t a r  sand is  dropped i n t o  
the upper bed of a multi-staged fluidized-bed column. The upper bed is  a 
pyrolysis r eac to r ,  which i s  maintained a t  a temperature of generally between 
400 and 55U°C. Here, bitumen i n  the  feed i s  cracked and/or vo la t i l i zed ,  
leaving a coke depos i t  on the  sand p a r t i c l e s .  
carbon gases produced a r e  ca r r i ed  o f f  by the  i n e r t  f l u id i z ing  gas t o  f ines-  
separation and product-recovery sec t ions ,  while coked sand flows down by 
gravi ty  through a cont ro l  valve t o  the burner s ec t ion  of the  column where the  
w k e  i s  burned t o  generate heat.  
of generally between 550 and 65OoC. Preheated air  is used t o  f l u i d i z e  the 
s o l i d s  in the  combustion bed and t o  provide oxygen f o r  combustion. 
products of combustion, mostly nitrogen and carbon dioxide,  then flow upwards 
t o  f lu id i ze  so l id s  i n  the upper bed a s  noted above. 

placed ve r t i ca l ly  i n  t h e  fluidized-bed column such t h a t  they extend i n t o  the  
p V O l Y S i S  and combustion beds a s  depicted i n  Figure 1. 
f e r  excess hea t  generated i n  the burner t o  the pyro lys i s  r eac to r ,  thus 
maintaining the r eac to r  and burner a t  proper temperatures. 

t o  a heat-recovery sec t ion ,  where process a i r  recovers hea t  from the spent 
sand. 
produce steam. 
and Jayakar [26J. 

Feature 1 has n o t  been shown t o  be p r a c t i c a l  because, when preheated, 

Feature 4 requi res  a means f o r  d i r e c t  hea t  t r ans fe r  

I n  the process developed i n  t h i s  work, t h i s  means 

The o i l  vapors and l i g h t  hydro- 

The burner is maintained a t  a temperature 

Gaseous 

A number of hea t  p ipes ,  as required by the  hea t - t ransfer  load, a r e  

The heat p ipes  t rans-  

Hot. spent  sand leaving the  burner flows down through a cont ro l  valve 

Additional energy can be recovered from the  sand by hea t  exchange t o  
A more de t a i l ed  descr ip t ion  of t he  process i s  given by Seader 
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The new process r e t a i n s  most of the s impl i c i ty  of direct-heated processes.  
Sol ids  move only downwards by g rav i ty ,  t h e  equipment is e s s e n t i a l l y  a Single  
vessel ,  and the re  is no recycle  of so l id s .  Most importantly,  t h e  heat-  
t r ans fe r  features  used--heat pipes ,  heat  recovery from spent  sand t o  preheat  
process a i r ,  t r a n s f e r  o f  some hea t  by combustion gases,  and some r a d i a t i v e  
heat  t r ans fe r  from coke-combustion s tage to  the py ro lys i s  reactor--permit 
e f f i c i e n t  management of t he  energy t h a t  i s  within t a r  sand i t s e l f  t o  he lp  
achieve high energy eff ic iency.  The heat  pipes  e f f e c t i v e l y  l i n k  the py ro lys i s  
reactor  and the  coke-combustion s t age  thermally without necessar i ly  imposing 
any o the r  cons t r a in t s  on t h e  process such as flow pa t t e rns ,  r eac to r  configura- 
t i on ,  o r  dimensions of t he  column (except f o r  t he  volume of hea t  p ipes ,  
which is a small  f r a c t i o n  o f  bed volumes). 

The bas i c  process a s  ou t l ined  above i s  very f l e x i b l e ,  and modif icat ions 
and var ia t ions can be e a s i l y  incorporated i n t o  it t o  fu r the r  improve t h e  
ove ra l l  e f f i c i ency  and/or t o  make it more su i t ab le  f o r  s p e c i f i c  types of 
feeds.  Thus, external  f u e l ,  recycle gas,  or l i q u i d  f u e l s  can be e a s i l y  
introduced i n t o  the  burner i n  t h e  case of lean t a r  sands. 
a purge gas stream off  the top of t he  combustion bed, one can a d j u s t  t h e  f l o w  
r a t e  of f l u id i z ing  gas t o  t h e  pyrolysis  bed. I f  des i r ed ,  a f t e r  recovery,  gas 
produced i n  t he  pyrolysis  bed can be recycled back t o  t h a t  bed and used in s t ead  
of combustion gases t o  f l u i d i z e  it. This i s  very important f o r  lean t a r  sands 
which would otherwise have very l o w  product concentration i n  the combined e x i t  
gas stream, making product recovery d i f f i c u l t .  

LABORATORY TESTING OF NEW PflDCESS 

By providing for 

A laboratory apparatus was used t o  demonstrate t h e  new thermal process .  
I t  consis ted of a 10-foot-high by nominal 2-inch diameter,  two-staged, f luidized-  
bed column, a screw feeder f o r  feeding t a r  sand, a ho t  cyclone and f i l t e r  
system for separat ion o f  f i n e s  from t h e  products,  and a product-recovery sec t ion  
consis t ing of condensers, phase separators ,  cyclones,  and an e l e c t r o s t a t i c  
p rec ip i t a to r .  A s ing le  0.75-inch-diameter'by 7-foot-long hea t  p ipe  extended 
i n t o  the pyrolysis  and coke-combustion beds. The apparatus was completely 
insulated and instrumented with thermocouples, pressure t aps ,  flow meters,  and 
sampling taps .  E l e c t r i c a l  hea t e r s  and a propane burner were used to provide 
heat  during s t a r t u p  conditions.  The equipment was designed t o  handle a nominal 
feed r a t e  of 5 l b / h r  o f  t a r  sands containing up t o  14 weight percent  bitumen. 
Further d e t a i l s  of the apparatus a r e  given by Jayakar 1271. 

Several  problems i n  s o l i d s  handling were encountered i n  operat ing t h e  
Original ly  so l id s  were tran.sferred from the  py ro lys i s  laboratory apparatus.  

to flow up through the  dip l eg ,  t h i s  system was abandoned i n  favor  of a simple 
s o l i d s  downcorner with a spec ia l ly  designed s o l i d s  flow-control valve. Although 
t h i s  valve permitted proper operat ion of the bed, it w a s  a recurrent  source 
of operat ing d i f f i c u l t y  a s  i t  tended t o  s t i c k  a f t e r  a few runs and had t o  be 
dismantled and cleaned every t w o  t o  four runs.  Flow o f  s o l i d s  from t h e  
combustion bed was control led by a similar valve,  which presented no operat ing 
problems. 

than about 1/4-inch i n  s i z e .  
f i n e s  o r  coa l  dus t  p r i o r  t o  feeding. 

hour a f t e r  spending several  hours t o  reach e s s e n t i a l l y  s teady-state  condi t ions.  
f l u i d i z a t i o n  s tud ie s  

a t  elevated temperatures,  processing of tar  sands i n  t h e  py ro lys i s  s ec t ion  
without use of the hea t  pipe,  and operation of t he  complete heat-piped apparatus.  
Only typ ica l  r e s u l t s  of some o f  t h e  l a t t e r  tests are reported here .  

I 
i 
I bed t o  the combustion bed by means of a weir and d i p  l eg .  Because gas tended 

I 
I 

Tar-sand feed mater ia ls  were ground to  p a r t i c l e s  or pieces  no l a r g e r  
Materials tending to  be s t i c k y  were dusted with 

i 
The screw feeder did not plug a s  long a s  

l it was kept a t  a neai-ambient temperature. Run durat ions were typ ica l ly  one 

The experimental work was divided i n t o  th ree  p a r t s :  
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A total  of 75 runs was made under thermal processing condi t ions a t  
near-ambient pressure with t a r  sands from three d i f f e r e n t  deposi ts :  
Triangle,  Sunnyside, and Asphalt Ridge. Data from representat ive runs f o r  
feed ma te r i a l s  from each o f  the th ree  deposi ts  a r e  given i n  Table 11. A 
complete accounting of a l l  t he  bitumen i n  the feed mater ia l  w a s  gene ra l ly  not 
achieved mainly because of d i f f i c u l t i e s  i n  remving o i l  product from the  
product recovery equipment. Thus, Values reported f o r  o i l  y i e ld  a r e  believed 
t o  be low. Based on the  b e s t  runs,  i t  is  estimated t h a t  f o r  Sunnyside and 
Asphalt Ridge ma te r i a l s ,  a t y p i c a l  y i e l d  s t ruc tu re  f o r  near-optimal operat ing 
conditions would be: 70 w t %  o i l ,  10 w t %  gas ,  and 20 w t %  coke. 

CONCLUSIONS 

Tar Sand 

1. The b a s i c  concept of a thermal process using pyrolysis  and combustion 
s tages  coupled by h e a t  pipes  i s  workable and el iminates  the  need t o  recycle  
large amounts of sand. 

2 .  Tar sands containing a s  low a s  8 percent  bitumen can be thermally 
processed without e x t e r n a l  energy input  to  g e t  s a t i s f a c t o r y  y i e l d s  of o i l .  
T a r  sand with even lower bitumen content can be processed with good o i l  
y i e ld  i f  a po r t ion  of the  gas or o i l  products or some cheaper ex te rna l  f u e l ,  
such as coa l ,  can be added t o  t h e  combustion s tage to  provide energy. 

and o i l ,  al lowing for  purge of some combustion gas ,  e t c . ,  can improve the  
energy e f f i c i ency  o f  t h e  process and the  y i e lds  of o i l  and gas. 

The process  developed during the course of t h i s  work i s  simple, 
d i r e c t ,  and e f f i c i e n t .  I t  i s  capable of wide appl icat ion t o  processing of 
tar sands i n  Utah, Canada, and perhaps o the r  deposi ts .  Moreover, t he  concept 
of using hea t  p ipes  i s  of even broader app l i cab i l i t y  i n  the  process indus t r i e s  
i n  general  and i n  energy-related i n d u s t r i e s  i n  p a r t i c u l a r .  
basic  processing concepts i nves t iga t ed  here  may have p o t e n t i a l  for appl icat ion 
i n  the processing o f  o i l  sha le  and coal .  

3. Modifications of t h e  process ,  such a s  introducing recycle  o f  gas  

4. 

For example, the 

REFERENCES 

1. 

2. 
3. 

4. 
5 .  
6. 
7. 

8. 

9. 

10. 

11. 
12. 
13. 
14. 
15. 
16. 
17. 

Camp. F. w . ,  "Tar Sands" i n  Kirk-Othmer EnmjcZopedia of ChenicaZ Technologj, 
2nd Edi t ion,  V o l .  19,  John Wiley and Sons, New York, pp. 682-732 (1969). 
Ritzma, n.  R . ,  AIchE Symposiwn Series No. 155,  72, 47  (1976). 
Oblad, A.  G . ,  J. D. Seader, J.  D. M i l l e r ,  and J. W. Bunger, AICh!? Sppositrm 
Series No. 155,  72 ,  69 (1976). 
Bunger, J. W . ,  K .  P .  Thomas, S. M.  Dorrance, Fuel, 58, 183 (1979). 
Sepulveda, J. E . ,  and J. D .  Mi l l e r ,  Mining Ehgineering, 30, 1311 (1978). 
Misra, M . ,  and J. D. Mi l l e r ,  Mining Engineering, 32, 302 (1980). 
Gustafson, R. E . ,  "Shale O i l "  i n  Kirk-Othmer Encyclopedia of Chemicaz Techw- 
logy, 2nd Ed i t ion ,  Vol. 18, John Wiley and Sons, N e w  York, pp  1-20 (1969). 
Moore, R. G . ,  D. W.  Bennion, J. K .  Donnelly, "Anhydrous Extract ion of 
Hydrocarbons from Tar Sands." Paper presented a t  l o c a l  ISA Meeting, 
Calgary Sect ion,  Apri l  1975. 
Cheney, P. E . ,  R. W.  Ince,  and C .  M. Mason, U. S. Patent  3,487,002, 
December 30, 1969. 
Dannanberg, R. 0 . .  and A. Matzick, "Bureau o f .  Mines Gas-Combustion Retor t  
for O i l  Shale." U. S. Bureau of Mines Report o f  Invest igat ion 5545 (1960). 
Saunders, F. J., u. S. Patent  3,130,132, Apri l  21, 1964. 
Bennett. J. D . ,  U. S. Patent  3,623,972, November 1971. 
Berg, C.  H. O . ,  U. S. Patent  3,905,595, September 22, 1959. 
Fi tch,  C .  M . ,  U. S .  Patent  3,267,019, August 16,  1966. 
Gifford,  P. H . ,  11. U.  S. Patent  4,094,767, June 1978. 
Peck, E .  E . ,  E .  Tomkins, and D. G .  Tomkins, U. S. Patent  2,471,119, May 1949. 
Gishler,  P.  E . ,  and W .  S. Peterson, Treatment of Bituminous Sand. 
Canadian Pa ten t  530,920, September 25, 1956. 

152 



18. 

19. 
20. 
21. 
22. 

23. 

24. 

25. 

26. 

27. 

28. 

Nathan, M. F., G: T. Skaperdas and G. C. Grubb, U.  S .  P a t e n t  3,320,152, 
May 16 ,  1967. 
Roethe l i ,  B. E . ,  U. S .  Pa ten t  2,579,398, December 18,  1951. 
Murphree, E .  V., U. S .  Pa ten t  2,980,617, October 13 ,  1959. 
Alleman, C. E., U.  S .  Pa ten t  2,647,077, J u l y  28 ,  1953. 
Donnelly, J. K . ,  R. G. Moore, D. W. Bennion, and A.  E .  Trenkwalkder, 
"A F lu id ized  Bed Re to r t  f o r  O i l  Sands." 
Meeti,ng, F lo r ida ,  1978. 
R a m m l e r ,  R. W . ,  "The Production of Syn the t i c  Crude O i l  f r o m  O i l  Sand by 
Appl ica t ion  o f  t h e  Lurgi-Luhrgas Process ,"  Canadian Journal of CheniiCUZ 
Engineering, 48 (October 1970) :552-560. 
Pe terson ,  W. S . ,  and P. E. G i sh le r ,  "A Small F lu id i zed  So l ids  P i l o t  P l a n t  
f o r  t h e  D i r e c t  D i s t i l l a t i o n  of  O i l  from Alber ta  Bituminous Sands," 
Canadian Jourml of Research, 28 (January 1950):62-70. 
Pe terson ,  W. S . ,  and P. E .  G i sh le r ,  " O i l  from Albe r t a  Bituminous Sand," 
Petrolem Engineer, 23 (Apr i l  1951) :553-561. 
Seader,  J. D., and K.  M. Jayakar ,  Process and Apparatus t o  Produce Synthetic 
C r u d e  from T a r  Sands, U. S .  Pa ten t  4,160,720, Ju ly  10 ,  1979. 
Jayakar ,  K. M . ,  "Thermal Recovery o f  O i l  from T a r  Sands," Ph.D. Thes is  
i n  Chemical Engineering, Univers i ty  of  Utah (1979).  
Dum, P.,  and D. A. Reay, Heat Pipes, 2nd E d i t i o n ,  Pergamon P r e s s ,  1978. 

Paper p re sen ted  a t  t h e  AIChE 

TABLE I .  CLASSIFICATION OF AND REFERENCES FOR THERMAL RECOVERY PROCESSES 

Di rec t  Heated I n d i r e c t  Heated 

Moving-bed py ro lys i s  Cheney e t  a l .  E91 Bennett  [121 
and combustion Dannanberg and Berg [131 

Matzick [ l o ]  F i t c h  [141 
Saunders 1111 

Fluidized-bed p y r o l y s i s  G i f fo rd  [151 Gish le  r and 
and combustion Peck e t  a l .  [161 Pe terson  [171 

Nathan e t  a l .  [181 
Roethe l i  [191 
Murphree [201 
Alleman [211 

Fluidized-bed p y r o l y s i s  Donnelly e t  a l .  [221  N o  examples known 
and moving-bed combustion 

Moving-bed p y r o l y s i s  and No examples known Rammler  [231 
f lu id ized-bed  combuetion 
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TABLE 11. LABORATORY RESULTS FOR PROCESSING OF UT? TAR SANDS 

Deposit 

Tar Sand Triangle Asphalt Ridge Sunnyside 

Run No. 58 67 74 
Bitumen Content of Feed, w t %  4.70 11.67 10.56 
Tar-Sand Feed Rate, lb /hr  3.85 3.90 4.41 
Pyrolysis  Bed Temperature, 'C 475 482 449 
Combustion Bed Temperature, 'C 603 649 604 
O i l  Yield,  w t %  49.5 52.7 45.4 
Gas Yield, w t %  20.6 15.7 6.2 
Coke Yie ld ,  wt% 22.0 7.8 17.2 
Total Yield,  w t %  92.1 76.2 68.8 

Viscos i ty  of Oil, c p s .  25OC 142 102 291 
API Gravity of O i l ,  20°C 13.1 15.2 18.2 

Figure 1 .  University of Utah Process 
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THE REACTIVITY OF COLD LAKE ASPHALTENES 

R. C. Schucker and C. F. Keweshan 
Corporate Research Science L a b o r a t o r i e s  

Exxon Research and Engineer ing Company 
P.O. Box 45 

Linden, New Jersey 07036 

I NTRODUCT I ON 

As known rese rves  o f  l i g h t  crudes become depleted,  t h e  convers ion  o f  
heavy crudes and res idua  t o  d i s t i l l a t e  f u e l s  i s  becoming i n c r e a s i n g l y  impor- 
t a n t .  While rese rves  o f  Canadian and Venezuelan b i tumen and Arab ian  heavy 
O i l s  represent  vast, l a r g e l y  untapped resources, t h e i r  use fu lness  t o  a l a r g e  
e x t e n t  depends on ou r  a b i l i t y  t o  chemica l l y  conve r t  macromolecules such as 
asphaltenes and p o l a r  a romat i cs  t o  s m a l l e r  molecules b o i l i n g  t y p i c a l l y  i n  t h e  
m i d - d i s t i l l a t e / n a p h t h a  range. 
we need a much b e t t e r  understanding o f  t h e  s t r u c t u r e  and r e a c t i v i t y  o f  p e t r o -  
leum macromolecules, p a r t i c u l a r l y  asphaltenes. 

e l u c i d a t e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  asphaltenes, t h e r e  apppears t o  be no 
consensus o f  o p i n i o n  even on major  i ssues  such as t h e  average s i z e  o f  asphal -  
tene aromatic u n i t s .  For  example, proposed s t r u c t u r e s  f o r  Athabasca pentane 
asphaltenes va ry  f rom t h e  t w e l v e - r i n g  naphtho-ovalene s t r u c t u r e  o f  Spe igh t (1 )  
t o  t h e  two- r i ng  s u l f u r  polymer s t r u c t u r e  o f  I gnas iak  e t  a1.(2). 
k i n d  o f  disagreement rega rd ing  crude asphal tene s t r u c t u r e s ,  i t  i s  easy t o  see 
why l i t t l e  p rog ress  has been made i n  t h e  a rea  o f  asphal tene r e a c t i v i t y .  

t a i n  molybdenum c a t a l y s t s  can s u b s t a n t i a l l y  reduce coke f o r m a t i o n  i n  t h e  hydro- 
convers ion o f  asphal tene - c o n t a i n i n g  feeds under the rma l  c r a c k i n g  c o n d i t i o n s .  
We have now a p p l i e d  t h i s  method t o  o b t a i n  asphal tene fragments i n  h i g h  y i e l d s  
f o r  c h a r a c t e r i z a t i o n  o f  t he  s t r u c t u r e  o f  asphal tenes f rom Co ld  Lake crude. The 
goal o f  o u r  work has been t o  d e f i n e  t h e  major  b u i l d i n g  b l o c k s  i n  Cold Lake as- 
phal tenes i n  o rde r  t o  begin t o  b r i n g  toge the r  the concepts o f  s t r u c t u r e  and r e -  
a c t i v i t y .  We have approached t h e  problem by c a r r y i n g  o u t  m i l d ,  thermal  hydro- 
convers ion r e a c t i o n s  on neat  asphal tenes and c h a r a c t e r i z i n g  b o t h  r e a c t a n t  and 
r e a c t i o n  products  i n  d e t a i l .  While p rev ious  research has concen t ra ted  o n  crude 
asphaltenes, we have focused on reac ted  asphaltenes. By combining s t r u c t u r a l  
and k i n e t i c  i n f o r m a t i o n  ob ta ined  i n  t h i s  s tudy,  we have been a b l e  t o  p o s t u l a t e  
a g l o b a l  asphal tene r e a c t i o n  mechanism which i s  c o n s i s t e n t  w i t h  a l l  o f  o u r  ob- 
servat  ions. 

To o p t i m i z e  t h e  u t i l i z a t i o n  o f  these feedstocks,  

While t h e r e  has been a s i g n i f i c a n t  amount o f  research  done t o  d a t e  t o  

Wi th t h i s  

Recen t l y  i t  has been repo r ted  by Bearden and A l d r i d g e ( 3 )  t h a t  c e r -  

l 
I 

EXPERIMENTAL 

Cold Lake asphal tenes f o r  t h i s  s tudy were prepared by p r e c i p i t a t i o n  
The p r e c i p i t a t e d  as- w i t h  n-heptane u s i n g  a so l ven t  t o  crude r a t i o  o f  20:l .  

phal tenes were separated f rom t h e  maltenes (n-heptane so lub les )  by f i l t r a -  
t i on ,  t hen  washed w i t h  an equal volume of n-heptane and d r i e d  a t  lOOoc i n  
vacuo. To ta l  y i e l d  o f  asphal tenes on crude was 12.6% (by  we igh t ) .  Elemental 
composi t ion was measured by r o u t i n e  a n a l y t i c a l  techniques. Oxygen was measured 
d i r e c t l y  by neu t ron  a c t i v a t i o n  a n a l y s i s  and n o t  ob ta ined  by d i f f e r e n c e .  Num- 
be r  average mo lecu la r  weights  were ob ta ined  by vapor pressure osmometry ( V P O )  
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i n  t o l u e n e  a t  500C. N i c k e l  and vanadium c o n c e n t r a t i o n s  were measured by 
atomic absorp t ion  spectrophotometry.  Mole f r a c t i o n s  aromat ic  carbon and hy- 
drogen were determined d i r e c t l y  by pu lsed F o u r i e r  t r a n s f o r m  nmr techniques. 
summary o f  a n a l y t i c a l  d a t a  f o r  t h e  r e a c t a n t  asphal tenes i s  g i v e n  i n  Table 1. 

A l l  r e a c t i o n s  were c a r r i e d  ou t  as ba tch  exper iments i n  t u b i n g  bomb r e -  
a c t o r s  us ing  e i t h e r  Cold Lake asphal tenes as p r e c i p i t a t e d  o r  Cold Lake asphal-  
tenes  impregnated w i t h  a molybdenum c a t a l y s t  which had been prev ious1 shown t o  
reduce coke f o r m a t i o n  i n  t h e  hydroconvers ion  o f  heavy h y d r o c a r b o n ~ . ( ~ y  I n  a 
t y p i c a l  exper iment t h e  r e a c t o r  was charged w i t h  f i v e  grams o f  asphal tenes and 
p r e s s u r i z e d  t o  6 MPa w i t h  hydrogen. 
i d i z e d  sandbath, h e l d  f o r  t h e  d e s i r e d  r e a c t i o n  t i m e  w h i l e  a g i t a t i n g ,  removed 
f r o m  t h e  b a t h  and quenched i n  c o l d  water. 
t u r e  was mon i to red  a t  a l l  t i m e s  u s i n g  a thermocouple l o c a t e d  i n  t h e  bomb. 
i c a l  heatup t i m e  f r o m  ambient tempera tures  t o  95% o f  r e a c t i o n  temperature was 
t h r e e  minutes. 
ber  i n t o  a gas bag. Hydrocarbon gases (Ci-Cq) were analyzed by gas chromato- 
graphy us ing  f lame i o n i z a t i o n  d e t e c t i o n  and 1 , l - d i f l u o r o e t h a n e  as  an i n t e r n a l  
standard. Toluene was used t o  remove t h e  l i q u i d  and s o l i d  p r o d u c t s  f r o m  the  
bomb and t h e  t o l u e n e  s o l u t i o n  was f i l t e r e d  t o  determine t h e  coke ( t o l u e n e  i n -  
so lub les)  y i e l d .  A f t e r  removing t o l u e n e  f r o m  t h e  f i l t r a t e  by vacuum, n-heptane 
was added t o  separa te  aspha l tenes  ( t o l u e n e  so lub le ,  n-heptane i n s o l u b l e )  from 
maltenes (n-heptane s o l u b l e ) .  Coke and aspha l tene f r a c t i o n s  were d r i e d  over-  
n i g h t  a t  l O O O C  i n  vacuo. An o v e r a l l  m a t e r i a l  ba lance was o b t a i n e d  by summing 
t h e  coke, asphal tene, ma l tene and gas f r a c t i o n s  and f o r  lower s e v e r i t y  runs av- 
eraged between 97-101%. F u r t h e r  s e p a r a t i o n  o f  maltenes i n t o  r e s i n s  ( p o l a r  aro- 
m a t i c s )  and o i l s  was ach ieved i n  s e l e c t e d  cases by  a d s o r p t i o n  o n t o  A t tapu lgus  
c l a y  us ing  a m o d i f i c a t i o n  o f  ASTM 02007 ( c l a y - g e l  s e p a r a t i o n ) .  

A 

It was then p lunged i n t o  a preheated, f l u -  

The temperature o f  t h e  r e a c t i o n  mix- 
Typ- 

A t  t he  end o f  a r u n  gases were vented th rough an H2S scrub- 

RESULTS AND DISCUSSION 

The thermal  hydroconvers ion  o f  Co ld  Lake asphal tenes was s t u d i e d  i n i -  
t a l l y  t o  p r o v i d e  a b a s i s  f o r  e v a l u a t i o n  o f  c a t a l y t i c  e f f e c t i v e n e s s  i n  subse- 
quent work. 
t h e  r e a c t i o n  produc ts  were separated as descr ibed p r e v i o u s l y .  Several  k i n e t i c  
models were t r i e d ,  b u t  a f t e r  examining t h e  v a r i a b i l i t y  o f  our data, we decided 
on t h e  s i m p l e  f i r s t - o r d e r  aspha l tene decomposi t ion model shown below: 

S e r i e s  o f  thermal  r u n s  were made a t  335OC, 365OC and 400OC and 

A + aA* + bM 

= we igh t  f r a c t i o n  r e a c t a n t  asphal tenes where A 

A* = we igh t  f r a c t i o n  r e a c t e d  asphal tenes 

M = we igh t  f r a c t i o n  maltenes 
a,b = s t o i c h i o m e t r i c  c o e f f i c i e n t s  (based o n  we igh t )  

Rate  express ions  f o r  t o t a l  asphal tenes and maltenes were i n t e g r a t e d  t o  y i e l d  
Equat ions ( 2 )  and ( 3 ) .  
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A t  = a + ( l -a)e-k t  

M = b ( l - e - k t )  

Equations ( 2 )  and (3) were f i t  t o  exper imenta l  d a t a  us ing  non- l i nea r  reg ress ion  
t o  o b t a i n  va lues o f  t h e  f i r s t - o r d e r  r e a c t i o n  r a t e  cons tan ts  and t h e  s t o i c h i o -  
m e t r i c  c o e f f i c i e n t s  a t  each tempmature.  The convers ion  da ta  f rom the  400OC 
thermal r u n  and the  best  f i t  o f  t h e  k i n e t i c  model are shown i n  F igu re  1. It 
i s  i n t e r e s t i n g  t o  n o t e  t h a t  a t  t h e  t i m e  o f  i n c i p i e n t  coke f o r m a t i o n  p60 min- 
u t e s )  t h e  asphal tene and mal tene d a t a  d e v i a t e  f rom p r e d i c t e d  f i r s t - o r d e r  be- 
hav ior .  From t h i s  we concluded t h a t  bo th  asphal tenes and maltenes were par-  
t i c i p a t i n g  i n  secondary coke- forming reac t i ons .  F u r t h e r  separa t i on  o f  t h e  
maltenes i n t o  r e s i n s  ( p o l a r  aromat ics)  and o i l s  conf i rmed t h i s  t o  be t r u e  and 
showed t h a t  it was t h e  r e s i n  f r a c t i o n  t h a t  was i n v o l v e d  i n  coke fo rma t ion .  

The same exper iments were r u n  us ing  asphal tenes impregnated w i th  moly- 
bdenum. The convers ions and bes t  f i t  o f  t h e  k i n e t i c  model a t  400OC a r e  shown 
i n  F igu re  2. Prev ious work(4) had suggested t h a t  t h e  molybdenum would s u l -  
f i d e  and thus  be a b l e  t o  a c t i v a t e  hydrogen r e s u l t i n g  i n  improved hydrogen 
t r a n s f e r  t o  r a d i c a l  f ragmen ta t i on  products .  Increased hydrogen t r a n s f e r  above 
t h e  thermal base case would e x p l a i n  t h e  s t a b i l i z a t i o n  o f  r e s i n  fragments shown 
i n  F igu re  2 and the  lower o l e f i n / p a r a f f i n  r a t i o  i n  the gas i l l u s t r a t e d  i n  Table 
2 f o r  t h e  C3 gases. 

f o r  t he  thermal and c a t a l y t i c  runs was assumed t o  f o l l o w  t h e  Arrhenius r e l a -  
t i o n s h i p  and the  r e s u l t i n g  p l o t  o f  t hese  d a t a  i s  shown as F i g u r e  3 .  As we can 
see, t he  c a t a l y s t  had no r e a l  e f f e c t  on t h e  a c t i v a t i o n  energy. I t  did,  how- 
ever, increase t h e  r a t e  o f  r e a c t i o n  a t  a l l  temperatures. 
t hese  data, though, i s  a t  b e s t  somewhat s u b j e c t i v e .  
tems l i k e  these, t h e  measured r a t e  i s  g e n e r a l l y  cons idered t o  b e  t h a t  o f  t he  
s lowest  o r  r a t e - l i m i t i n g  s tep  i n  t h e  r e a c t i o n  sequence. 
a c t i v a t i o n  energ ies ob ta ined  s t r o n g l y  suggest t h a t  pr imary bond b reak ing  i s  n o t  
t h e  r a t e - l i m i t i n g  s tep  and t h a t  some o t h e r  s tep  such as hydrogen t r a n s f e r  m igh t  
be. 
proved hydrogen t r a n s f e r  c o n d i t i o n s .  

prov ided us w i t h  an e x c e l l e n t  o p p o r t u n i t y  t o  look c l o s e r  a t  t h e  s t r u c t u r e  o f  
t h e  reac ted  asphaltenes. 
c o u l d  be separated and analyzed d i r e c t l y .  There were n o  mal tenes i n i t i a l l y  so 
these  molecules must a t  one t i m e  have been a t tached  t o  t h e  r e a c t a n t  asphal tene 
molecules. Furthermore, t h e  reac ted  asphal tenes c o u l d  a l s o  be analyzed t o  de- 
te rm ine  what chemical changes were t a k i n g  p l a c e  d u r i n g  r e a c t i o n .  

s u l f u r  and n i t r o g e n  l e v e l s .  F igu re  4 shows a p l o t  o f  t h e  (H/C) values i n  the 
reac ted  asphaltenes and t h e  product  maltenes. A s  can b e  seen, t h e  (H/C) r a t i o  
i n  t h e  reac ted  asphal tenes drops c o n t i n u o u s l y  w h i l e  t h a t  o f  t he  p roduc t  mal- 
t enes  r i s e s  cont inuously .  
and maltene f r a c t i o n s  r i s e s  s l i g h t l y  i n d i c a t i n g  the  a d d i t i o n  o f  some hydrogen 
t o  t h e  system. Th is  i s  t h e  k i n d  o f  behav io r  t h a t  m i g h t  be expected o f  an as- 
phal tene s t r u c t u r e  c o n t a i n i n g  a l a rge ,  hydrogen d e f i c i e n t  co re  t o  which a r e  
at tached smal ler ,  hydrogen-r ich molecules.  I t  i s  n o t  c o n s i s t e n t  w i t h  t h e  

The temperature dependence o f  t h e  r e a c t i o n  r a t e  cons tan ts  ob ta ined  

I n t e r p r e t a t i o n  o f  
I n  complex r e a c t i o n  sys- 

The l o w  va lues  of t h e  

Th is  i s  supported by t h e  f a c t  t h a t  t h e  observed r a t e  increased under i m -  

The unique behav io r  o f  t h e  asphal tenes i n  t h e  presence o f  molybdenum 

Since these  r e a c t i o n s  were c a r r i e d  o u t  neat, mal tenes 

Elemental a n a l y s i s  showed some i n t e r e s t i n g  r e s u l t s  w i t h  r e g a r d  t o  H/C, 

The weighted average o f  t h e  measured asphal tene 
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s m a l l e r  asphal tene s t r u c t u r e  proposed by Ignas iak  e t  a1.(2) f o r  Athabasca 
asphaltenes. 

Next t h e  q u e s t i o n  o f  s u l f u r  d i s t r i b u t i o n  was addressed. S u l f u r  i n  
the  asphal tene and mal tene f r a c t i o n s  was measured d i r e c t l y  and t h a t  i n  the  
gas was ob ta ined by d i f f e r e n c e .  The r e s u l t  f o r  t h i s  same s e r i e s  o f  r u n s  i s  
shown i n  F i g u r e  5. What we found was i s  t h a t  approx imate ly  50% o f  t h e  s u l f u r  
remained i n  t h e  r e a c t e d  asphaltene, 26% was found i n  the maltenes w h i l e  22% 
wound up i n  t h e  gas (presumably as H p S ) .  Stud ies  w i t h  model s u l f u r  compounds 
under the  same r e a c t i o n  c o n d i t i o n s  l e d  US t o  conclude t h a t  t h e  m a j o r i t y  o f  the  
s u l f u r  i n  b o t h  t h e  aspha l tene and maltene produc ts  was e i t h e r  h e t e r o c y c l i c  o r  
an i n t e r m e d i a t e  r e a c t i o n  produc t  f rom t h e  cleavage o f  d i a r y 1  o r  a l k y l - a r y l  
s u l f i d e  l inkages .  More e a s i l y  c leaved bonds such as those i n  d i a l k y l  s u l f i d e s  
o r  d i s u l f i d e s  were f o u n d  t o  be conver ted  v e r y  q u i c k l y .  

r e s u l t s  are shown i n  Tab le  3.  What we found was t h a t ,  u n l i k e  s u l f u r  which i s  
d i s t r i b u t e d  p r e t t y  e v e n l y  between t h e  asphal tene c o r e  and t h e  p e r i p h e r a l  groups, 
n i t r o g e n  i s  p r i m a r i l y  i n  the  c o r e  s t r u c t u r e .  I n  a d d i t i o n ,  d u r i n g  r e a c t i o n  very 
l i t t l e  i f  any o f  t he  n i t r o g e n  i s  removed f r o m  the  system. T h i s  suggests t h a t  
n i t r o g e n  i s  i n  p redominant ly  condensed h e t e r o c y c l i c  s t r u c t u r e s  i n  t h e  c o r e  w i t h  
on l y  about 12-14% e x i s t i n g  a s  s m a l l e r  condensed n i t r o g e n  s t r u c t u r e s  on the  pe- 
r i p h e r y  . 

t i o n s .  Combined r e s u l t s  i n d i c a t e d  t h a t  over 50% o f  t h e  oxygen was l i b e r a t e d  
dur ing  these r e a c t i o n s  as  gaseous spec ies  and t h i s  i s  i n  good agreement w i t h  
r e c e n t l y  p u b l i s h e d  work o f  Moscopedis e t  a l .  (5) suggest ing t h e  presence o f  
c a r b o x y l i c  a c i d  and a ldehyde f u n c t i o n a l i t y .  

I n  a d d i t i o n  t o  e lementa l  analyses, number average molecu la r  weights 
(nn) were o b t a i n e d  on b o t h  aspha l tene and maltene f r a c t i o n s  f rom t h i s  ser ies .  
The r e s u l t i n g  curves  a r e  shown i n  F i g u r e  6. The s t a r t i n g  asphal tenes are ob- 
served t o  have a number average molecu la r  we igh t  o f  6640: 120. 
m o n o t o n i c a l l y  t o  an apparent  asymptote o f  3400. A t  t h e  same t ime, maltenes 
which are produced e x h i b i t  much lower m o l e c u l a r  we igh ts  s t a r t i n g  a t  645 and 
decreasing t o  415. 
maltenes, once formed, c o n t i n u e  t o  b reak  down. 
t i o n  i n  average m o l e c u l a r  we igh t  i s  c o n s i s t e n t  w i t h  t h e  concept t h a t  asphal-  
tenes have a l a r g e r  c o r e  s t r u c t u r e  t o  which are a t tached s m a l l e r  (%1/10 t h e  
s i z e  of the  c o r e )  groups. We a r e  n o t  s a y i n g  t h a t  3400 represents  t h e  mole- 
c u l a r  weight o f  t he  c o r e  s t r u c t u r e .  Exper imental  nmr and o t h e r  VPO evidence 
p o i n t s  t o  t h e  c o n t r a r y .  We are saying t h a t  a t  400OC we have broken a l l  bonds 
t h a t  can  be t h e r m a l l y  b roken a t  a reasonable r a t e  and are  l e f t  w i t h  t h e  c o r e  
p l u s  p e r i p h e r a l  groups a t t a c h e d  by much s t r o n g e r  bonds ( i .e.  b ipheny l  l inkages, 
e tc . )  and some a l k y l  s i d e  cha ins .  

One o f  t h e  most p o w e r f u l  t o o l s  a v a i l a b l e  t o  us f o r  c h a r a c t e r i z a t i o n  o f  
these f r a c t i o n s  i s  n u c l e a r  magnet ic resonance spectroscopy. Pro ton  and 13C 
F o u r i e r  t rans form nmr s p e c t r a  were run  i n  deuteroch lo ro fo rm o n  these same as- 
pha l tene and maltene samples and some of t h e  s p e c t r a  a re  shown i n  F i g u r e s  7 
and 8. 
with Mn = 3400 s t i l l  have 40% a l i p h a t i c  carbon. 
f i r m  these as  predominant ly  p a r a f f i n i c  s i d e  cha ins  a l though some naphthenic 

N i t r o g e n  was a l s o  measured i n  t h e  asphal tenes and maltenes and t h e  

Oxygen was measured o n l y  i n  t h e  asphal tenes due t o  sample s i z e  l i m i t a -  

T h i s  decreases 

It i s  n o t  unreasonable a t  t h i s  p o i n t  t o  p o s t u l a t e  t h a t  t h e  
Here again, t h e  observed v a r i a -  

One o f  t h e  f i r s t  i n t e r e s t i n g  p o i n t s  we f i n d  i s  t h a t  t h e  asphal tenes 
Both 13C and 1H spec t ra  con- 
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charac te r  s t i l l  remains. 
pha l tene  co re  s ince  the  sma l le r  p e r i p h e r a l  gorups are a l s o  known t o  be h i g h l y  
a l k y l  Subs t i t u ted .  
Of aromat ic  carbon and hydrogen du r ing  r e a c t i o n  i s  c o n s i s t e n t  w i t h  ( 1 )  t h e  
l o s s  Of a l k y l  s i d e  chains,  (2 )  loss o f  h i g h l y  s u b s t i t u t e d  aromat ic  and naph- 
t h e n i c  groups, and ( 3 )  l o s s  o f  naphthenic  hydrogen. We b e l i e v e  t h a t  t o  a c e r -  
t a i n  degree a l l  of these a re  o c c u r r i n g  b u t  t h a t  (2 )  i s  t h e  dominant r e a c t i o n .  
We can a l s o  say based o n  subsequent exper imenta l  work us ing  n-decy l  benzene as 
a model a l k y l  aromat ic  t h a t  under these c o n d i t i o n s  (400OC, 120 min, 7 MPa 
H2) 8 - s c i s s i o n  o f  a l k y l  s i d e  cha ins  i s  p r e f e r r e d  20:l  o v e r a .  

One mal tene sample generated under somewhat m i l d e r  c o n d i t i o n s  (3 h rs ,  
365OC, CoMo/y-A1203) was analyzed by gas chromatogrpphy and t h e  r e s u l t i n g  
chromatograph i s  shown i n  F i g u r e  9. I t  i s  c l e a r  t h a t  w h i l e  t h e  v a s t  m a j o r i t y  
o f  t h e  area i s  con ta ined  i n  t h e  lower  envelope, a d e f i n i t e  p a t t e r n  o f  regu-  
l a r l y - spaced  peaks i s  observable above t h e  base. 
chromatography/mass spect rometry  as n - p a r a f f i n s  ranging i n  l e n g t h  f rom C11 t o  
C39. The sma l le r  peaks i n  between were i d e n t i f i e d  as p r i m a r i l y  i s o - p a r a f f i n s  
which may have been formed by i s o m e r i z a t i o n  d u r i n g  hydroconvers ion over  t h e  
somewhat a c i d i c  CoMo/Y-A1203 o r  which may rep resen t  t h e  n a t u r a l  d i s t r i b u t i o n  o f  
i s o p a r a f f i n s  i n  t h e  a l k y l  s i d e  chains.  

t h e  concept t h a t  Cold Lake asphal tenes have somewhat l a r g e ,  hyd rogen-de f i c ien t  
co re  s t r u c t u r e s  t o  which are a t tached  a l k y l  s i d e  cha ins  and h i g h l y  s u b s t i t u t e d  
aromat ic  groups. We have shown t h a t  s u l f u r  tends t o  be r e l a t i v e l y  e v e n l y  d i s -  
t r i b u t e d  between t h e  co re  s t r u c t u r e  and t h e  p e r i p h e r a l  groups and t h a t  n i t r o -  
gen i s  concentrated predominant ly  i n  t h e  core.  The o v e r a l l  p i c t u r e  o f  asphal -  
t ene  r e a c t i v i t y  t h a t  has emerged f rom t h i s  i s  shown schemat i ca l l y  i n  F i g u r e  10. 
Dur ing m i l d  hydroconversion, weaker l i nkages  a re  t h e r m a l l y  broken r e s u l t i n g  i n  
the  format ion o f  mal tenes hav ing a h i g h e r  (H/C) and reac ted  asphal tenes having 
a lower (H/C). 
I n  t h e  absence o f  e f f e c t i v e  hydrogen t r a n s f e r ,  some o f  these r e a c t i o n  f r a g -  
ments can recombine t o  fo rm coke. With improved hydrogen t r a n s f e r  t h e  c o k i n g  
r e a c t i o n s  can be s i g n i f i c a n t l y  delayed. T o t a l  conve rs ion  o f  asphal tenes t o  
maltenes would a t  t h i s  p o i n t  seem t o  be an improbable goa l ;  however, more re -  
search i s  needed i n  o rde r  t o  see how f a r  t h e  s t r u c t u r a l  concepts developed here 
f o r  Cold Lake asphal tenes can be genera l i zed  t o  o the rs .  

These s i d e  cha ins  need n o t  be connected t o  t h e  as- 

I n  genera l  we can say t h a t  t h e  i nc rease  i n  t h e  f r a c t i o n  

These were i d e n t i f i e d  by gas 

I n  summary, we have presented exper imenta l  evidence which suppor ts  

Some a l k y l  s i d e  chains a r e  a l s o  l o s t  predominant ly  by @-sc i ss ion .  
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Figure 2 - Hydroconversion of Cold Lake Crude Asphaltenes with 200 ppm 
Molybdenum at 400°C and 6 MPa H2. 
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Figure 9 - Gar Chromatogram of Maltene Fraction from Run o t  365OC. 6 MPa H2, 3 hr. 

"2 + 

A k =  A' + M 
Figue 10 - Reaction Mechonim for Arpholtene HyQoconverrion. 
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HYDROPYROLYSIS - POTENTIAL FOR PRIMARY 
UPGRADING OF TAR SAND BITUMEN 

J. W .  Bunger, D. E. Cogswell, R. E. Wood 
and A. G. Oblad 

Department of Mining and Fuels Engineering 
320 WBB, University of Utah 

Salt Lake City, Utah 
84112 

INTRODUCTION 

Upgrading of high molecular weight, residual materials 
is becoming increasingly important as a result of scarcity 
of lighter feedstocks. Conversion processes for residual 
materials must contend with high heteroatom content, low 
volatility (high molecular weight), high aromaticity and 
high metals content not encountered to the same degree in 
lighter feedstocks. These characteristics result in higher 
process costs and typically lower conversion and yield of 
desired products. As yield and conversion efficiency become 
more important, conventional techniques, e.g. coking, may 
prove economically unacceptable, especially for primary 
upgrading of bitumens or black oils. 

Hydropyrolysis is a process for thermal cracking in the 
presence of hydrogen. This process has been shown to drama- 
tically improve the(yi$+ds of liquid and gaseous products 
compared to coking. It does not rely on heterogeneous 
catalysts but(f7quires elevated pressures. Through model 
compound work 
molecular weight tar sand bitumen, an understanding of the 
chemistry of this reaction is beginning to emerge. This 
paper reports our latest results and hypothesis and the 
general reactions which may be occurring. The implication 
of the reaction pathways to the suitability of various 
feedstocks for hydropyrolysis is also discussed. 

and characterization and processing of high 

EXPERIMENTAL 

Elemental Analysis and Physical Properties 

Elemental analysis was accomplished by conventional 
microanalytical techniques in a commercial testing labora- 
tory. Densities were measured on Mettler/Paar digital 
density meter, model D.M. 40. Average molecular weights 
were determined by VPO in benzene. Simulated distillation 
was accomplished using a 1/4" by 18" column of 3% dexsil 300 
on chromosorb W, programmed from -30' to 350' C at 10°/minute 
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with a 4 minute hold at 350° C. The detector was a flame 
ionization detector maintained at 400° C. The percent 
nondistillable was determined by use of an internal stan- 
dard, an equal volume mixture of C9 to C16 n-alkylbenzenes. 
(See also references 6,7) 

Hydropyrolysis Process 

Two hydropyrolysis reactors were used in this study. 
Feeds A and B were processed on a reactor consisting of a 
coiled stainless steel tube 3/16" i.d. x 236" long. 
reactor has been previously described by Ramakrishnan. 
Feed C was processed in a reactor originally developed for 
short residence time coal liquifaction. This reactor also 
consists of coiled stainless steel tubes 3/16" i.d. The 

(8) length of this tube system can be varied from 20 to 120 
feet, and has been previously described by Wood, et. al. 
Average residence times were calculated from the volumetric 
flow rates and the reactor volume at process conditions. 

T?f7 

RESULTS 

Feedstocks for hydropyrolysis processing were derived 
from Uinta Basin, Utah, tar sand deposits. Three differing 
feedstocks were used for which elemental analysis and phys- 
ical properties are given in Table 1. While the carbon-type 
chemical structure of these feedstocks is probably similar, 
some important differences are noted. Feed B is of the 
highest molecular weight, carbon residue, and viscosity and 
lowest in API gravity and volatility. Elevated temperatures 
of 100-150° C are required to pump this material. Feed C is 
the lightest of the three with Feed A of intermediate quality. 
These feeds represent a range of properties among heavy 
oils. 

These materials were processed by hydropyrolysis under 
varying conditions of space time, residence time, tempera- 
ture, and pressure. The general effect of these riables 
on process results has been previously reported. (" 
temperatures and longer residency times contribute sensi- 
tively to higher gas production. Representative results 
attained at conditions determined to be operable for 1-2 
hour run times are given in Table 2. 

Higher 

Results show virtually 100% conversion of feedstocks to 
liquids and gases. Ammonia, hydrogen sulfide and water were 
inferred from the material balance on the respective hetero- 
atoms and direct analysis of these compounds were not 
conducted. The values shown in Table 2 were used to cal- 
culate the hydrogen consumption. Hydrogen cons tion is 
not underestimated by the method of calculationYyP and is 
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TABLE 1 

Elemental  Analys is  and Phys ica l  P r o p e r t i e s  of  Feedstocks 

FEED C PROPERTY FEED A FEED B 

Carbon ( w t  % )  

Hydrogen 
Nitrogen 
Su l fu r  
Oxygen 
H/C atomic 

86.2 86.3 86.7 
11.3 11.1 11.6 

1.1 0.8 0.7 

0 . 4  0.35 0.5 

0.9 1 . 4  <0.5 
1.56 1.53 1.59 

S p e c i f i c  g r a v i t y  20/20 0.981 1.003 0.959 
A P I  g r a v i t y  12 .7  9.5 16.0 
Average M.W. (VPO) 713 770 410 

Conradson Carbon Residue 9 . 1  1 4 . 1  6.8 
% d i s t i l l a b l e  below 

530' C 4 4  34 69 

. 0 5/sec 
Vi scos i ty  KP 77'F 69 1 5 0 0  3.9" 

*shear  = 200 sec-l 

modest c o n s i d e r i n g  t h e  e f f e c t  on y i e l d s .  Ca lcu la t ions  of 
hydrogen requi rements  r e v e a l  t h a t  a hydropyrolys is  p l a n t  
could e a s i l y  o p e r a t e  i n  hydrogen ba lance  by steam-reforming 
methane gas  produced. 

given i n  Table  3. Only modest improvement has  been made i n  
t h e  H/C r a t i o s  and heteroatom removal, bu t  no tab le  improve- 
ments have been made i n  phys i ca l  p r o p e r t i e s  compared t o  t h e  
feed ma te r i a l .  
been reduced i n  h a l f  and v i s c o s i t i e s  have been reduced by 4 
to  5 o r d e r s  of magnitude. The p r o p e r t i e s  g iven  i n  Table 3 
suggest  t h a t  a s y n t h e t i c  crude o i l  has  been produced which 
is amenable t o  conven t iona l  r e f i n i n g .  Based on t h e  obser-  
va t ion  t h a t  o l e f i n  product ion  i s  i n h i b i t e d  by hydropyroly- 
s is ,  it is a n t i c i p a t e d  t h a t  hydropyro lys is  l i q u i d s  w i l l  be 

C h a r a c t e r i s t i c s  of  hydropyrolys is  l i q u i d  products  a r e  

Average molecular  weights  of  A and B have 
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TABLE 2 

Represen t i t i ve  Resu l t s  of Hydropyrolysis  

Process  Condi t ions  

Temperature OC 

P res su re  ( p s i g )  
Average res idence  

t i m e  ( s ec )  

Space v e l o c i t y  (LHSV) 

Weight % gases  
1 iqu  i d  
r e s i d u e  

NH3 
H2S 

H2° 

Hydrogen consumption 
( w t  % )  

( sc f /bb l )  

Product  A 

525 
1500 

18 

1 

Yields  

Product  A 

27.3 
73.7 

* 
0.61 
0.21 
0.79 

102.6 

2.6 
1600 

Product B 

500 
1800 

30 

1 

Product  B 

27.3 
73.9 

* 
0.38 
0.13 
1.15 

102.9 

2.9 
1800 

Product  C -- 

525 
1800 

5 

1 

Product  c 

12.8 
85.6 
2.1 
0.1 
0.3 

- 

100.9 

0.9 
600 

* Residual  material f o r  t hose  r u n s  was counted a s  l i q u i d s .  

more s t a b l e  f o r  s t o r a g e ,  t r a n s p o r t a t i o n ,  o r  d i s t i l l a t i o n  than  
coker d i s t i l l a t e s .  

169 



TABLE 3 

C h a r a c t e r i s t i c s  o f  Hydropyrolysis  Liquid Products  

Product  A Product  B Product  C 

Carbon 
Hydrogen 
Nitrogen 
S u l f u r  

Oxygen 
H/C atomic 

S p e c i f i c  g r a v i t y  20/20 

A P I  g r a v i t y  
Average MW (VPO) 

% d i s t i l l a b l e  below 53OOC 
V i s c o s i t y  77OF cp ,  

86.8 
1 1 . 4  

0.8 
0.3 
0 . 3  

1.56 

0.903 
25.2 

321 
85  

8.1 

86.9 
1 1 . 4  

0 . 7  
0.3 
0.50 
1.56 

0.967 
14.8 

352 

68 

7000 

86.2 
1 1 . 6  

0 .7  
0.2 
1.20 
1 . 6 1  

0.920 
22.3 

312 
97 

246 

DISCUSSION 

The g e n e r a l  r e a c t i o n  mechanism f o r  hydropyrolys is  f o l -  
lows f r e e  r a d i c a l  chemis t ry .  Free  r a d i c a l  i n i t i a t i o n  most 
l i k e l y  proceeds through unimolecular  bond s c i s s i o n  

-f 
RR' + R .  + ' R '  

or bimolecular  s ingle  a t o m  t r a n s f e r  r e a c t i o n  to  a n  u n s a t u r a t e d  
bond 

+ 
RH + C=X +- R -  + 'CXH 

where X is m o s t  l i k e l y  carbon or oxygen. 
for arguments s u p p o r t i n g  t h i s  r e a c t i o n )  

(see r e f e r e n c e  9 

Free r a d i c a l  propogat ion r e a c t i o n s  proceed through 
t r a n s f e r  of hydrogen o r  o t h e r  r a d i c a l  as: 

+ 
RH + ' R '  + R -  + R ' H  

Perhaps t h e  m o s t  impor tan t  r e a c t i o n  occuring d u r i n g  hy- 
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dropyrolysis is participation of hydrogen in this propaga- 
tion reaction as follows: 

-+ 
H2 + . R  f H' $. HR 

the hydropyrolysis of n-decane. An activation energy of 14- 
15 kyjC&+ is estimated on the basis of thermochemical 
data 

Shabtai, et. al. ( 5 )  have postulated this reaction in 

The significance of this reaction is to increase the 
relative ects of free radical saturation compared to B- 
scission. "' Thus, a dramatic decrease in ratio of olefin 
to saturates is observed as a result of hydrogen participa- 
tion. Also, the dilution of hydrocarbon species with hydro- 
gen reduces the relative effect of second-order molecule- 
molecule reactions. As a result, dehydrogenation reaction. 
condensation reactions, and polymerization reactions are all 
inhibited by the high partial pressure of hydrogen, or 
indeed, light hydrocarbon gases. 

Free radical termination may involve hydrogen radicals 
to a large extent as radical-radical recombination 

+ 
R -  + ' R '  +- RR' 

is again inhibited by the presence of hydrogen-rich gases. 
The production of hydrogen radicals during hydropyrolysis 
raises the prospect of hydrogeneration or hydrogenolysis 
reactions. The contribution of these possible reactions 
(probably minor) can only be inferred from the results of 
hydropyrolysis where the average number of rings in the 
aromatic nucleii appears to be reduced. 

The effects of hydrogen on pyrolysis of bitumen are ob- 
vious when compared with coking at 525O C which exhibits 
yields of 4 %  gas, 83% liquid and 13% coke for feedstock A .  
Clearly, the formation of coke has been severely inhibited 
while considerable quantities of gas are produced. Consi- 
dering that the amount of gas produced is closely related to 
the amount of hydrogen consumed, optimum conditions will be 
those which can effect the greatest molecular weight reduc- 
tion without attendent high gas production. Shorter resi- 
dence times than those achievable on the present equipment 
may afford this objective. 

Preliminary estimates of capital costs for hydropyrolysis 
reveal an investment of about $3000/daily bbl capacity will 
be required. This is considerably less than the investments 
of approximately $6000/daily bbl capacity required for 
coking/ hydrotreating necessary for the Syncrude plant in 
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Alberta, Canada. This advantage accrues partially from the 
fact that Uinta Basin bitumen is lower in total heteroatoms, 
especially sulfur, than Athabasca bitumen. Also, the hydro- 
pyrolysis oil is not as light as the synthetic crude pro- 
duced by Syncrude. The economic projections never-the-less 
reveal that for low sulfur, highly naphthenic bitumen, that 
hydropyrolysis may be an attractive alternative to coking. 

SUMMARY 

Hydropyrolysis promises to be a process for reducing 
molecular weight of residual material without the formation 
of coke, the use of catalysts or an inordinantly high con- 
sumption of hydrogen. Estimations of capital costs appear 
to be competitive with a coking/hydrotreating sequence. Ad- 
ditionally, hydropyrolysis affords 10-15% improved yield 
over coking/hydrotreating and this factor will have a signi- 
ficant impact on the economics of the recovery steps. 

through the inhibition of second-order hydrocarbon-hydro- 
carbon reactions relative to first order cracking reactions. 
Hydropyrolysis is, therefore, predicted to be most useful 
for processing of very high molecular weight feedstocks of 
moderate aromatic character. Naphthenic feedstocks are 
particularly benefited from the inhibition of dehydrogen- 
ation reactions. 

Hydropyrolysis gains its attractiveness principally 
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FRACTURING OF OIL SHALE BY TREATMENT WITH LIQUID SULFUR DIOXIDE 

D .  F. Burow and R .  K. Sharma 

Department o f  Chemistry, University of Toledo, Toledo, Ohio 43606 

Introduction 

Development of o i l  sha le  deposi ts  as  sources of f u e l s ,  l u b r i c a n t s ,  
and chemical feedstocks i s  beinq considered as an a l t e r n a t i v e  t o  
present re1 iance on conventional petroleum reserves .  Procedures, 
advantages, and disadvantages f o r  mining/surffcg processinq and f o r  
-- in s i t u  re tor t inq  have been widely discussed. 
crushinq of  the sha le  i s  essent ia l  f o r  e f f i c i e n t  o i l  rqcovery. As a 
r e s u l t  of t e s t s  w i t h  a var ie ty  of  mechanical crushers ,  
t h a t  the effect iveness  of  mechanical crushing i s  l imited by the 
charac te r i s t ics  of  the  sha le .  A slab-forminq tendency allows l a r q e  
pieces t o  pass throuqh many conventional crushers .  The r e s i l i e n c e  
and s l ippery  nature  of the  shale  l i m i t s  the effect iveness  of mechanical 
impact; furthermore, the shale  often adheres to  crusher sur faces .  
-- In  s i t u  re tor t inq  i s  enhanced by f rac tur inq  with explosive charges or 
expansion of ex is t inq  f rac tures  with f lu ids  such as water. Fracturinq 
by explosive charqes i s  f requent ly  l imited t o  the v i c i n i t y  of the 
charqe s ince the explosive shock i s  dissipared by shale  r e s i l i e n c e .  
Ef f ic ien t  f rac tur ing  by aqueous f l u i d s  is  l imited by a tendency f o r  
capi l la ry  adhesion of water i n  the f i s s u r e s  and by ava i lab le  water 
suppl ies  i n  a r id  regions where o i l  shale  deposits of ten occur. 

shales  could circumvent many of the l imi ta t ions  to  mechanical crushing 
as well as reduce o r  e l iminate  capi ta l  and maintenance cos ts  of  crushers .  
O u r  recent  success in commiyuting and desulfur iz ing coal by treatment 
w i t h  l i q u i d  s u l f u r  dioxide, 
be successful i n  f rac tur ing  o i l  sha les .  

Liquid SO2 i s  a remarkably subt le  solvent  with moderate Lewis 
acid propert ies ,  a subs tan t ia l  res i s tance  t o  oxidation and reduction 
when pure, and a propensQty t o  s u p p o r t  a var ie ty  of  ion ic ,  f ree  r a d i c a l ,  
and molecular react ions.  
i t  i s  e a s i l y  l i q u i f i e d  and/or removed a f t e r  react ion;  i t  can be 
eas i ly  manipulated without the need f o r  exot ic  construct ion mater ia l s .  
Furthermore, i t  i s  an inexpensive material which is readi ly  ava i lab le  i n  
l a rqe  quant i t ies  from smelting and foss i l  fuel  comaustion; i f  not  
u t i l i z e d ,  i t  must be disposed of in some s t a b i l i z e d  form a t  considerable 
expense. Thus, the d i r e c t  use of s u l f u r  dioxide could provide an 
a1 te rna t ive  means of c o s t  recovery f o r  pol lut ion abatement technoloqy. 

I n  the  former approach, 

i t  i s  apparent 

Employment o f  chemical comminution techniques f o r  f rac tur inq  o i l  

suqgested t h a t  s imi la r  treatments might 

Since SO2 has a boi l ing point  o f  -lO°C, 
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Here we wish t o  r e p o r t  t he  r e s u l t s  o f  p r e l i m i n a r y  experiments 
i n  which o i l  shales a r e  t r e a t e d  w i t h  l i q u i d  s u l f u r  d iox ide  t o  
e f f e c t  comminution. We are,  p resen t l y ,  unaware o f  any prev ious 
r e p o r t s  o f  such exper iments.  

Experimental 

6 S u l f u r  d iox ide  was d r i e d  and manipulated as descr ibed elsewhere. 
Larger  shale pieces (6-8 cm) were t r e a t e d  d i r e c t l y  i n  a s t a i n l e s s  
s tee l  autoclave r e a c t o r  ( P a r r  model 4641). Smal ler  shale pieces were 
sealed in  f r i t t e d  q l a s s  tubes w i t h  l i q u i d  SO2 (ca. 2 : l  o r  l e s s  S02/shale 
by weight )  t o  f a c i l i t a t e  recovery ofoany e x t r a c t .  S u l f u r  d iox ide  
was d i s t i l l e d  on t o  t h e  shale a t  -78 C; t he  system was then sealed 
and brought up t o  process ing temperature. 
1 7OoC were  used; t h e  1 a t t e r  temperature corresponds t o  s u p e r c r i t i c a l  
cond i t i ons  f o r  SO2. No mechanical a s i t a t i o n  was employed. Upon 
cool inq,  the S O z ,  s h a z ,  and e x t r a c t  were recovered. 
inspected immediately upon recovery and a t  several i n t e r v a l s  the rea f te r .  
S u l f u r  analyses and i n f r a r e d  spect ra o f  t he  shales were performed 
on o r i g i n a l  , processed, and processed/heated samples t o  determine 
res idua l  SO2 content .  I n f r a r e d  spect ra o f  the e x t r a c t s  were a lso 
obtained. 

Resul ts  and Discuss ion 

Temperatures o f  25, 70, and 

The shales were 

Results f o r  samples o f  Green River, Antr im, and Moroccan o i l  shales 
were obta ined i n  these p re l im ina ry  experiments. Extensive f r a c t u r i n g ,  
both along and across laminat ions,  was obsgrved w i t h  a l l  t h ree  shales.  
I n i t i a l  experiments were c a r r i e d  o u t  a t  170 C f o r  3 t o  5 hours; 
subsequent exper iments i n d i c a t e d  t h a t  t he  deqree o f  J rac tu r ing  was 
almost as extens ive when m i l d e r  cond i t i ons  (e.  9. 25 C f o r  1 hour) a re  
used. Some f r a c t u r i n q  was even observed t o  occur  by exposure t o  gaseous 
SO2 alone. With t h e  l a r q e  lumps, laminat ions a re  f r e q u e n t l y  expanded 
t o  1-2 cm; f r a c t u r e s  across laminat ions are l e s s  pronounced b u t  
d i s t i n c t l y  v i s i b l e .  Immediately upon recovery f r o m  the reac to r ,  t he  
samples a r e  so b r i t t l e  as t o  be e a s i l y  broken w i t h  t he  f i nqe rs ;  a f t e r  
standing f o r  a time, the  samples become s l i g h t l y  l e s s  b r i t t l e  b u t  
a l l  f r a c t u r i n g  i s  mainta ined.  Althouqh no q u a n t i t a t i v e  t e s t s  o f  
mechanical p r o p e r t i e s  have been made, i t  appears t h a t  l i t t l e  o f  t h e  
r e s i l i e n c e  and s l i ppe ryness  o f  the o r i g i n a l  shales i s  re ta ined.  
of t h e  processed samples have a s o f t  l us te rous  appearance. 

o i l  shales a re  n o t  obvious. Among the  mechanisms which should be 
considered, however, a re  the  f o l l o w i n g :  1 .  p a r t i a l  conversion o f  
carbonates t o  s u l f i t e s  would d i s r u p t  m i c r o c r y s t a l l i n e  l a t t i c e s  i n  
carbonate r i c h  shales,  2. d isplacement o f  hydroxyl  groups on s i l i c a  
surfaces would d i s r u p t  hydrogen bonding i n  s i l i c e o u s  shales, and 
3. e x t r a c t i o n  o f  p h y s i c a l l y  and chemical ly  bound water  would break 
up i n t e r s t i t i a l  f o rces  i n  bo th  types o f  shale.  

Surfaces 

A t  t h i s  stage, t h e  mechanisms responsib le  f o r  f r a c t u r i n g  o f  these 
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The s u l f u r  content  o f  t h e  shales was increased somewhat by  
Processing i n  l i q u i d  SO ; res idua l  s u l f u r  increases s i g n i f i c a n t l y  
w i t h  the  temperature o f 2 t h e  treatment,  however. For  example, 8 t  
room temperature, res idua l  s u l f u r  increases by  1 2 %  b u t  a t  170 C, 
i t  increases by 5-10%. Such an increase i n  s u l f u r  con ten t  suggests 
t h a t  processinq a t  h i g h e r  temperatures i s  det r imenta l  t o  t h e  shale.  

Upon exposure o f  Green R iver  and An t r im  shales t o  l i q u i d  SO2, a 
y e l l o w  c o l o r  develops i n  the  SO s o l u t i o n  which p rog ress i ve l y  deepens 
t o  a dark brown; a brown res iduz  i s  i s o l a t e d  upon evaporat ion o f  t h e  
SO . Moroccan shale,  on the  o t h e r  hand, produces an oranqe SO s o l u t i o n  
an6 an orange res idue.  
be increased somewhat b y  use o f  h i g h e r  temperatures.  
o f  these residues revea l  t h a t  water, a l i p h a t i c s ,  and carbonyls  a re  
the  predominant species al though a smal l  amount o f  aromat iss 
a l so  obtained. Cross g o l a r i z a t i o n ,  maqic angle sp inn ing  C nmr 
r e s u l t s  f o r  the  s o l i d s  i n d i c a t e  t h a t  t he  carbon content  i n  the  shales 
themselves d i f f e r s  much more than do these e x t r a c t s :  Green R i v e r  
shale organic  carbon i s  predominately a1 i p h a t i c  whereas 
shale carbon i s  ca. 3:l a l i pha t i c /a romat i c  and An t r im  shale carbon 
i s  ca. 1 : l  a l i pha t i c /a romat i c .  
would appear t o  be s e l e c t i v e  f o r  t h e  a l i p h a t i c  components o f  
these shales.  Since t h e  organic  p a r t  o f  these e x t r a c t s  c o n s t i t u t e s  
ca. 2% o f  t he  o r i g i n a l  shales,  i t  i s  presumed t h a t  t hey  rep resen t  
most o f  t h e  bitumen p o r t i o n  o f  t he  shale and t h a t  t h e  kerogen 
s t i l l  remains i n  the  shale i t s e l f .  
be cons is ten t  w i t h  those f o r  e x t r a c t i o n  by more convent ional  so l ven ts .  
Other ma te r ia l s  a re  a l s o  e x t r a c t e d  from t h e  shales by l i q u i d  SO2. 
These ma te r ia l s  a re  found as c o l o r l e s s  o r  l i g h t  brown c r y s t a l s  
deposi ted i n  the f i s s u r e s  and on the  surfaces o f  t h e  shale a f t e r  
the  i s o l a t i o n  procedures. A t  present,  we have n o t  i d e n t i f i e d  these 
c r y s t a l s .  

It appears t h a t  t he  q u a n t i t y  o f  e x t r a c g  can 
I n f r a r e d  spect ra 

a r e  

Moroccan 

Thus, e x t r a c t i o n  by  l i q u i d  SO2 

These observat ions would, thereforg,  

The r e s u l t s  o f  these experiments suggest t h a t  many o f  t h e  l i m i t a t i o n s  
I o f  convent ional  c rush inq  and f r a c t u r i n g  procedures a re  no t  encountered 

here; t he re  are  however o t h e r  l i m i t a t i o n s  t o  be  d e a l t  w i t h .  These 
observat ions are, nevertheless,  s u f f i c i e n t l y  promis ing t o  war ran t  
f u r t h e r  d e t a i l e d  i n v e s t i g a t i o n  i n t o  the  u t i l i t y  o f  comminution w i t h  
l i q u i d  SO f o r  bo th  su r face  and i n  s i t u  process ing o f  o i l  shales.  

repor ted  here, t o  develop an understandinq o f  t h e  mechanisms invo lved ,  
and t o  dev ise means of reducing the  impact o f  present  l i m i t a t i o n s  
t o  p r a c t i c a l  use a re  underway. 
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I O N  PAIR L I Q U I D  CHROMATOGRAPHY OF 
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INTRODUCTION 

The growing emphasis on coa l  l i q u e f a c t i o n  technology has  r e s u l t e d  i n  i n -  
c r eased  i n t e r e s t  i n  t h e  development of methods t o  determine t h e  composi t ion o f  
l i q u i d s  produced by t h e  p r o c e s s .  Th i s  i n fo rma t ion  can f a c i l i t a t e  unde r s t and ing  o f  
t h e  r e l a t i o n s h i p  o f  t h e  occur rence  of v a r i o u s  chemical  s p e c i e s  t o  t h e  s t r u c t u r e  
and r e a c t i v i t y  of t h e  p a r e n t  c o a l .  This  r e p o r t  d e s c r i b e s  an i o n  p a i r  l i q u i d  
chromatography s tudy  o f  t h e  l i g h t  o i l  f r a c t i o n  from t h e  l i q u e f a c t i o n  of l i g n i t e  
w i th  CO and H2 a t  460°C and 27.6 MPa. 

The l i g h t  o i l  i s  a gas  condensate  c o l l e c t e d  i n  a water-cooled r e c e i v e r  a t  
a tmospheric  p r e s s u r e .  The sample s t u d i e d  was c o l l e c t e d  on t h e  30 th  r e c y c l e  p a s s  
of a Beulah l i g n i t e  l i q u e f a c t i o n  t e s t  u s ing  an th racene  o i l  a s  s t a r t - u p  s o l v e n t .  
Based on MAF c o a l ,  t h e  l i g h t  o i l  r e p r e s e n t s  abou t  19% of t h e  y i e l d .  A d e t a i l e d  
d e s c r i p t i o n  o f  t h e  GFETC con t inuous  p rocess  u n i t  has  been pub l i shed  p r e v i o u s l y  (1) 

EXPERIMENTAL 

Waters" M-6000 pumps, U6K i n j e c t o r ,  model 440 W d e t e c t o r ,  and model 660 
s o l v e n t  programmer were used f o r  t h e  i o n  p a i r  s t ~ d y ? ~ R l  s e p a r a t i o n s  were con- 
ducted using Whatman P a r t i s i l  ODS2, a 1 0 p  o c t a d e c y l - s i l i c a  packing c o n t a i n i n g  
abou t  15% (w/w) carbon.  The column w a s  250 mm long ,  6 . 4  mm O . D .  and 4 .6  mm I . D .  
Column temperature  was ma in ta ined  by a Haake FK-2 c i r c u l a t i n g  water  b a t h .  I n f r a -  
red s p e c t r a  were ob ta ined  on a Perkin-Elmer 283 spec t ropho tomete r .  

The mobile phase s o l v e n t s  used were Baker HPLC grade  wa te r  and Waters HPLC 
grade  methanol and a c e t o n i t r i l e .  Buf fe r s  were p repa red  u s i n g  Baker HPLC g r a d e  
ammonium a c e t a t e ,  phosphor i c  and a c e t i c  a c i d s ,  Reg i s  potassium dihydrogen phos- 
p h a t e ,  potassium monohydrogen phospha te ,  bo th  99+% p u r i t y ,  and Waters t e t r a b u t y l -  
ammonium phosphate  (PIC A) and sodium hexanesu l fona te  (PIC B-6) r e a g e n t s .  

The l i q u e f a c t i o n  l i g h t  o i l  sample was e x t r a c t e d  acco rd ing  t o  a scheme, shown 
i n  F igu re  1 ,  adapted from F r u c h t e r  e t  a l .  ( 2 ) .  The r e s u l t i n g  four  f r a c t i o n s  w i l l  
be  des igna ted  b a s i c ,  p h e n o l i c ,  HA(aromatic) ,  and HC(hydrocarbon) th roughou t  t h i s  
paper .  

I RESULTS AND DISCUSSION 

The l i g h t  o i l  i s  a mix tu re  o f  r e l a t i v e l y  low molecu la r  we igh t ,  v o l a t i l e  
hydrocarbons.  The b o i l i n g  p o i n t  of 95% of  t h e  sample was i n  t h e  40-200OC range 
and t h e  molecu la r  weight  r ange  was 60-365 d a l t o n s .  The n a t u r e  of each  f r a c t i o n  
may be d e s c r i b e d  drawing upon in fo rma t ion  from e l e m e n t a l  a n a l y s i s ,  shown i n  Tab le  
1 ;  i n f r a r e d  s p e c t r a ,  shown i n  F i g u r e  2 ;  and low v o l t a g e  mass s p e c t r a  ( 3 ) .  

2: Reference t o  s p e c i f i c  brand names o r  models i s  made t o  f a c i l i t a t e  unde r s t and ing  
and n e i t h e r  c o n s t i t u t e s  nor  i m p l i e s  endorsement by t h e  Department of Energy. 
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The oxygen-containing compounds found i n  t h e  pheno l i c  and b a s i c  f r a c t i o n s  appear  
t o  be  of t h e  same compound c l a s s  -- s u b s t i t u t e d  pheno l s .  Almost a l l  of t h e  n i t r o -  
gen-containing compounds, p r i m a r i l y  a r y l  amines,  were i s o l a t e d  i n  t h e  b a s i c  f r a c -  
t i o n .  The HA f r a c t i o n  c o n s i s t s  p r i m a r i l y  o f  two- and t h r e e - r i n g  a romat i c  com- 
pounds. The hydrogen/carbon mole r a t i o  f o r  t h e  HA f r a c t i o n  is 1.0 a s  compared t o  
1 .6  f o r  t h e  HC f r a c t i o n .  Although t h e  HC f r a c t i o n  c o n t a i n s  some of  t h e  same 
aromatic  compounds found i n  t h e  HA f r a c t i o n ,  t h e  p r i n c i p a l  components a r e  s a t u r -  
a t e d  hydrocarbons a s  i n d i c a t e d  by t h e  i n f r a r e d  spectrum. To summarize, t h e  phe- 
n o l i c  f r a c t i o n  c o n s i s t e d  of s u b s t i t u t e d  pheno l s ;  t h e  b a s i c  f r a c t i o n  con ta ined  
s u b s t i t u t e d  pheno l s  and a r y l  amines;  t h e  HA f r a c t i o n  con ta ined  a romat i c  compounds; 
and t h e  HC f r a c t i o n  con ta ined  p r i m a r i l y  s a t u r a t e d  hydrocarbons and some a romat i c  
compounds. 

TABLE 1. - Elemental  Ana lys i s  of L i g h t  O i l  F r a c t i o n s  

%C %H %O M u 
Bas ic  79.6 9.2 4.2 6 .8  0 .0  
Pheno l i c  78.9 8 . 1  12.8 0 . 1  0.0 
HA 89 .4  7 . 1  1.8 0.6 0.7 
HC 88.9 11.6 0 . 1  0.0 0 .0  

Favorable  s e p a r a t i o n s  of  i o n i z e a b l e  o r g a n i c  compounds such a s  t h o s e  found i n  t h e  
b a s i c  and p h e n o l i c  f r a c t i o n s  may be  o b t a i n e d  by i o n  p a i r  l i q u i d  
chromatography -- a t echn ique  o r i g i n a l l y  proposed by Eksborg,  S c h i l l ,  and coworkers 
( 4 , 5 ) .  The method i n v o l v e s  a d j u s t i n g  t h e  pH of  t h e  mobile phase t o  a s s u r e  maximum 
i o n i z a t i o n  o f  t h e  compounds o f  i n t e r e s t  and adding a hydrophobic coun te r - ion  
capab le  of  forming ion  p a i r s  w i t h  t h e  i o n i z e d  compound. The ion  p a i r  behaves a s  a 
n e u t r a l  compound and r e t e n t i o n  by t h e  nonpolar  s t a t i o n a r y  phase i s  enhanced. F o r  
example, 

WEAK ACIDS AT pH 7 - 8 :  

80 
R 

C r i t e r i a  f o r  s e l e c t i o n  of  coun te r - ion ,  pH, and o t h e r  c o n s i d e r a t i o n s  i n  t h e  
development of  a n  i o n  p a i r  s e p a r a t i o n  has  been addres sed  by Gloor and Johnson (6) .  
B r i e f l y ,  t h e  major c o n s i d e r a t i o n s  a r e  s e l e c t i n g  a mobile  phase pH t h a t  w i l l  i n s u r e  
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maximum i o n i z a t i o n  of  t h e  s o l u t e s  and s e l e c t i n g  a counter - ion  t h a t  w i l l  produce 
t h e  d e s i r e d  e f f e c t ;  f o r  b a s i c  s o l u t e s ,  an a l k y l  s u l f o n a t e ,  and f o r  a c i d i c  s o l u t e s ,  
a q u a r t e r n a r y  amine. I n  g e n e r a l ,  a n  i n c r e a s e  i n  t h e  l e n g t h  of  t h e  a l k y l  c h a i n  of 
t h e  counter - ion  w i l l  r e s u l t  i n  i n c r e a s e d  r e t e n t i o n  o f  t h e  i o n  p a i r .  

Liquid chromatographic s e p a r a t i o n s  o f  each  o f  t h e  f o u r  l i g h t  o i l  f r a c t i o n s  
were c a r r i e d  o u t  w i t h  s e v e r a l  i o n  p a i r  and i o n  s u p p r e s s i o n  sys tems,  shown i n  Table  
2 ,  a t  25OC, 45'C, and 65OC. Because s o l u t e - l i q u i d  phase s o l u b i l i t y  and t h e  weak 
e l e c t r o s t a t i c  i o n  p a i r  e q u i l i b r i u m  a r e  a f f e c t e d  by t e m p e r a t u r e ,  it was a n t i c i p a t e d  
t h a t  an i n c r e a s e  i n  tempera ture  would f a c i l i t a t e  t h e  s e p a r a t i o n .  However, a l l  of 
t h e  s e p a r a t i o n s  of t h e  f o u r  f r a c t i o n s  i n d i c a t e d  a d e c r e a s e  i n  b o t h  t h e  r e s o l u t i o n  
and t h e  number of  peaks  r e s o l v e d .  For  example,  F i g u r e  3 shows decreased  r e s o l u -  
t i o n  f o r  t h e  phenol ic  f r a c t i o n  a t  65OC a s  compared t o  25OC u s i n g  a n  i o n  suppres-  
s i o n  system. 

TABLE 2 .  - Ion  P a i r  and Ion Suppress ion  S o l v e n t  Systems 

ACETATE 

0.05M 
0.05M 
0.01M 
1 .  OOM 

Ammonium a c e t a t e / a c e t i c  a c i d  (pH 3 . 5 ) .  -f A c e t o n i t r i l e  
Ammonium a c e t a t e / a c e t i c  a c i d  (pH 3 . 5 )  -f Methanol 
Ammonium a c e t a t e / a c e t i c  a c i d  (pH 3 . 5 )  + A c e t o n i t r i l e  
Ammonium a c e t a t e / a c e t i c  a c i d  (pH 3 . 5 )  -f A c e t o n i t r i l e  

PHOSPHATE 

0.005M 
0.05M 
0.05M 
0.05M 

SULFONATE 

0.01M 
0.1M 
0.01M 
0.1M 

Potassium dihydrogen  phosphate (pH 3.0) -f A c e t o n i t r i l e  
Potassium dihydrogen  phosphate  (pH 3.0) -f A c e t o n i t r i l e  
Potassium monohydrogen phosphate (pH 6 . 9 )  -f A c e t o n i t r i l e  
KH2PO4/5O% A c e t o n i t r i l e  (pH 3 . 0 )  + 0.05M K2HP04/50% 

A c e t o n i t r i l e  (pH 6 . 9 )  

Sodium n-hexane 
Sodium n-hexane 
Sodium n-hexane 
Sodium n-hexane 

s u l f o n a t e  (pH 3 . 5 )  + A c e t o n i t r i l e  
s u l f o n a t e  (pH 3 .5)  -f A c e t o n i t r i l e  
s u l f o n a t e  (pH 3 . 5 )  + Methanol 
s u l f o n a t e  (pH 3 . 5 )  + Methanol 

TETRABUTYLAMMONIUM PHOSPHATE 

0.005M Tetrabutylammonium phosphate  (pH 7 . 5 )  + A c e t o n i t r i l e  
0.05M Tetrabutylammonium phosphate  (pH 7 .5)  -f A c e t o n i t r i l e  

S i n c e  t h e  e x t e n t  t o  which t h e  sample i s  i o n i z e d  i s  i n f l u e n c e d  by t h e  i o n i c  
s t r e n g t h  of t h e  mobile phase ,  an  i n c r e a s e  i n  b u f f e r  c o n c e n t r a t i o n  should  r e s u l t  i n  
an  i n c r e a s e  i n  i o n  p a i r  format ion  ( 7 ) .  T h e r e f o r e ,  i f  i o n  p a i r i n g  i s  t h e  predomi- 
n a n t  mechanism i n  t h e  s e p a r a t i o n ,  c a p a c i t y  f a c t o r s ,  t h a t  i s ,  e l u t i o n  t i m e s ,  of 
i o n - p a i r e d  components would i n c r e a s e  wi th  i n c r e a s i n g  b u f f e r  c o n c e n t r a t i o n .  Sepa- 
r a t i o n s  of each of t h e  f o u r  l i g h t  o i l  f r a c t i o n s  were c a r r i e d  o u t  a t  pH 3 . 5  u s i n g  
two b u f f e r  c o n c e n t r a t i o n s ,  0.01 E and 0 .1  E hexane s u l f o n a t e .  Except f o r  s l i g h t l y  
e a r l i e r  o v e r a l l  e l u t i o n  t imes  a t  h i g h e r  c o n c e n t r a t i o n s ,  t h e  p h e n o l i c ,  HA,  and HC 
f r a c t i o n s  d i s p l a y e d  n e a r l y  i d e n t i c a l  peak p a t t e r n  and r e s o l u t i o n  a t  bo th  concen- 
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t r a t i o n s .  This  was expec ted  s i n c e  t h e r e  should  b e  no i o n  p a i r  e f f e c t  on  t h e  
components i n  t h e s e  f r a c t i o n s .  I n  t h e  s e p a r a t i o n s  of  t h e  b a s i c  f r a c t i o n ,  t h e r e  
were d i s t i n c t  s h i f t s  i n  t h e  p o s i t i o n s  o f  some of t h e  component peaks  a t  t h e  h igher  
b u f f e r  c o n c e n t r a t i o n .  These peaks were presumed t o  be due t o  compounds capable  of 
forming i o n  p a i r s  a t  pH 3.5,  such a s  a r y l  amines.  

Three b u f f e r  systems were i n v e s t i g a t e d  a t  pH 3 - 3 . 5 :  0 . 0 1  y hexane s u l f o n a t e ,  
0.005 M po tass ium dihydrogen  phosphate ,  and 0.05 ammonium a c e t a t e .  A t  low pH, 
two predominant p r o c e s s e s  a f f e c t  t h e  s e p a r a t i o n :  i o n  s u p p r e s s i o n  of weak a c i d s  
( f o r  example, p h e n o l s ) ,  and i o n  p a i r  f o r m a t i o n  of  weak b a s e s  ( f o r  example, a n i -  
l i n e ) .  Compared t o  r e v e r s e  phase  s e p a r a t i o n s ,  t h e  b u f f e r  s e p a r a t i o n s  of  t h e  HC 
and HA f r a c t i o n s  i n d i c a t e d  no change o t h e r  t h a n  s l i g h t  o v e r a l l  r e d u c t i o n  i n  re-  
t e n t i o n  t imes .  The e f f e c t  of i o n  s u p p r e s s i o n ,  t h a t  i s ,  an  i n c r e a s e  i n  e l u t i o n  
t i m e s  o f  weak a c i d s  due t o  t h e i r  u n d i s s o c i a t e d  s t a t e ,  was n o t  e v i d e n t  i n  t h e  
phenol ic  f r a c t i o n  s e p a r a t i o n s  f o r  any of  t h e  t h r e e  sys tems.  For compounds wi th  
s m a l l  d i s s o c i a t i o n  c o n s t a n t s  such a s  phenols  and c r e s o l s ,  t h e  d i s t r i b u t i o n  coef- 
f i c i e n t s  of t h e  u n d i s s o c i a t e d  compounds a r e  r e l a t i v e l y  u n a f f e c t e d  by change i n  pH 
i n  t h e  2-6 pH range (8) .  S i n c e  s e p a r a t i o n  by i o n  s u p p r e s s i o n  i s  dependent on 
l i q u i d /  l i q u i d  d i s t r i b u t i o n ,  t h e  a d d i t i o n  o f  a b u f f e r  does  n o t  s i g n i f i c a n t l y  a l t e r  
t h e  c a p a c i t y  r a t i o s  o f  t h e s e  compounds. Assuming t h a t  t h e  p h e n o l i c s  i n  t h e  b a s i c  
f r a c t i o n  a r e  l i k e w i s e  u n a f f e c t e d  i n  t h e s e  sys tems,  a l l  changes i n  t h e  s e p a r a t i o n s  
o f  t h e  b a s i c  f r a c t i o n  were a t t r i b u t e d  t o  n i t r o g e n - c o n t a i n l n g  components. A l l  
t h r e e  s e p a r a t i o n s  of t h e  b a s i c  f r a c t i o n  d i s p l a y e d  i n c r e a s e d  r e s o l u t i o n  and de- 
c r e a s e d  c a p a c i t y  r a t i o s .  The e f f e c t i v e n e s s  of  t h e s e  systems i s  i n  t h e  o r d e r  0 .05 
- M ammonium a c e t a t e  > 0.05  hexane su l fon-  
a t e .  F igure  4 compares t h e  s e p a r a t i o n  o f  t h e  b a s i c  f r a c t i o n  w i t h  r e v e r s e  phase 
and 0.05 y ammonium a c e t a t e  sys tems.  

potassium dihydrogen  phosphate  > 0.01 

A t  pH 7 . 5 ,  weak b a s e s  a r e  p r e s e n t  i n  t h e  non- ionic  form and weak a c i d s  i n  t h e  
i o n i c  form. The c o u n t e r - i o n  s t u d i e d  a t  t h i s  pH was 0.005 E1 tetrabutylammonium 
phosphate .  I n  comparison t o  r e v e r s e  phase  s e p a r a t i o n s ,  t h e  p h e n o l i c  f r a c t i o n ,  a s  
w e l l  as  t h e  b a s i c  f r a c t i o n ,  d i s p l a y e d  i n c r e a s e d  c a p a c i t y  r a t i o s  and improved 
r e s o l u t i o n  i n d i c a t i n g  t h a t  bo th  i o n  s u p p r e s s i o n  and i o n  p a i r  format ion  were pre-  
dominant f a c t o r s  i n  t h e  s e p a r a t i o n .  O v e r a l l ,  however, t h e  hexane s u l f o n a t e  sepa- 
r a t i o n s  were s u p e r i o r  t o  t h e  tetrabutylammonium phosphate  s e p a r a t i o n s .  A compari- 
son of t h e  s e p a r a t i o n s  of  t h e  p h e n o l i c  f r a c t i o n  w i t h  0.005 tetrabutylammonium 
phosphate  and 0.01 5 hexane s u l f o n a t e  systems i s  shown i n  F i g u r e  5 .  Again, t h e  
s e p a r a t i o n s  of t h e  HC and HA f r a c t i o n  were g e n e r a l l y  u n a f f e c t e d  by t h e  b u f f e r  
sys tem.  

CONCLUSION 

I t  appears  t h a t  s e v e r a l  f a c t o r s  and d i f f e r e n t  mechanisms c o n t r i b u t e  t o  t h e  sepa- 
r a t i o n  o f  e i g h t  o i l s  by i o n  p a i r  and i o n  s u p p r e s s i o n  r e v e r s e  phase  l i q u i d  chrom- 
a tography.  An i n c r e a s e  i n  column tempera ture  a f f e c t e d  t h e  c a p a c i t y  f a c t o r s  reduc- 
i n g  e l u t i o n  t i m e s ,  b u t  t h e  v i s c o s i t y  change and d i s r u p t i o n  of thermal  e q u i l i b r i u m  
a d v e r s e l y  a f f e c t e d  t h e  r e s o l u t i o n .  

Due t o  t h e  v a r i e t y  of  s p e c i e s  found i n  t h e  l i g h t  o i l ,  t h e  s e p a r a t i o n  behavior  
O f  c e r t a i n  c o n s t i t u e n t s  may be a f f e c t e d  by  i o n  p a i r  format ion  o r  i o n  s u p p r e s s i o n .  
The r e l a t i o n s h i p  depends on t h e  c o n c e n t r a t i o n  o f  t h e  c o u n t e r - i o n ,  i t s  s o l u b i l i t y  
i n  t h e  bonded p h a s e ,  and t h e  degree  of  i o n i z a t i o n  o f  t h e  s o l u t e  which b e a r s  a 
d i r e c t  r e l a t i o n s h i p  t o  t h e  pH of  t h e  mobi le  phase .  

The s e p a r a t i o n  o f  he te roa tom and p h e n o l i c  compounds a r e  g e n e r a l l y  enhanced by 
s p e c i f i c  i o n  p a i r  and i o n  suppress ion  t e c h n i q u e s ;  however, a r o m a t i c  and hydro- 
carbon compounds show s e p a r a t i o n s  s i m i l a r  t o  t r a d i t i o n a l  r e v e r s e  phase  techniques .  
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I n  apply ing  t h e s e  r e l a t i o n s h i p s  t o  t h e  s e p a r a t i o n  of  l i g h t  o i l s ,  o p t i m i z a t i o n  
of  chromatographic c o n d i t i o n s  f o r  each c l a s s  of  compounds m u s t  b e  c o n s i d e r e d .  A 
summary Of t h e s e  parameters  and t h e i r  i n f l u e n c e  i n  t h e  s e p a r a t i o n  of  l i g h t  o i l s  i s  
shown i n  Table  3 .  
by i o n  p a i r  and i o n  s u p p r e s s i o n  t e c h n i q u e s  s o  a s  t o  s i g n i f i c a n t l y  improve t h e  
s e p a r a t i o n ,  r e s o l u t i o n ,  and i d e n t i f i c a t i o n  of  components i n  t h e  l i g h t  o i l .  

Capac i ty  r a t i o s  of  c e r t a i n  components can  b e  e f f e c t i v e l y  a l t e r e d  

1. 

2 .  

3. 

8.  
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Figure 2. - I n f r a r e d  s p e c t r a  of  l i g h t  o i l  f r a c t i o n s .  C a p i l l a r y  f i l m s .  
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Figure 5. - Comparison o f  phenol ic f r a c t i o n  separat ions w i t h  0.05 
tetrabutylammonium phosphate (pH 7.5)  and 0.01 M n-hexane s u l f o n a t e  (pH 3.5) 
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p o l a r  C o n s t i t u e n t s  of Coal G a s i f i c a t i o n  Oil Samples 

Leo A. Raphaelian 

Argonne Nat iona l  Laboratory 
9700 S. Cass Avenue 

Argonne, I l l i n o i s  60439 

In pre l iminary  a n a l y s e s  by GC/MS, i t  w a s  found that HYGAS o i l  samples conta in  a 
v a r i e t y  of  compounds, i n c l u d i n g  to luene ,  the s t a r t - u p  and make-up o i l ,  aromatic  
hydrocarbons, phenols ,  a n i l i n e s ,  p y r i d i n e s ,  thiophenes,  b e n z o n i t r i l e s ,  and PNAs. 
Direct a n a l y s i s  of t h e  mixture by GC/MS o r  c a p i l l a r y  column GC/MS is  a t  b e s t  
d i f f i c u l t  f o r  a t  least two reasons:  (1) Due t o  t h e  l a r g e  number (probably over  400)  
of  compounds present  in t h e  mixture ,  many over lapping  peaks occur ,  r e s u l t i n g  in 
mass s p e c t r a  t h a t  are o f t e n  confusing;  (2) C a p i l l a r y  columns that g i v e  good separa-  
t i o n  of non-polar compounds a r e  n o t  adequate  f o r  t h e  s e p a r a t i o n  of p o l a r  compounds. 
Therefore ,  t h e r e  i s  a d e f i n i t e  need f o r  a pre l iminary  s e p a r a t i o n  i n t o  f r a c t i o n s  
of t h e  complex m i x t u r e s  i n  RYGAS o i l  samples. 

For t h e  s e p a r a t i o n  of petroleum, f r a c t i o n a l  d i s t i l l a t i o n ,  e x t r a c t i o n ,  complex f o r -  
mat ion,  and column chromatography, inc luding  adsorp t ion ,  p a r t i t i o n ,  and g e l  per- 
meation, are among t h e  methods t h a t  have been used. Each method h a s  c e r t a i n  
advantages and d isadvantages :  
r e p r e s e n t s  a major p o r t i o n  of a HYGAS o i l  sample, could b e  removed. However, t h i s  
method s u f f e r s  from t h e  f a c t  that any d i s t i l l a t i o n ,  f r a c t i o n a l  or otherwise ,  
r e q u i r e s  h e a t  and decomposition and r e a c t i o n  between components in t h e  mixture  
t y p i c a l l y  t a k e s  p lace ,  a l t e r i n g  t h e  composition. 
b a s e  l i q u i d - l i q u i d  t y p e ,  r e c o v e r i e s  of i n d i v i d u a l  components of t h e  mixture  a r e  not  
on ly  v a r i a b l e  b u t  a l s o  o f t e n  l o w ,  p a r t i c u l a r l y  w i t h  p o l a r  compounds; moreover, some 
m a t r i x  e f f e c t s  f r e q u e n t l y  occur  a f f e c t i n g  r e c o v e r i e s .  
too  l i m i t e d  t o  be  of use b u t  a l s o  not  a p p l i c a b l e  i n  t h i s  case  s i n c e  t h e  complexes 
would not  b e  chromatographable by GC. Column chromatography, a l though u s e f u l ,  
s u f f e r s  from being long  and t e d i o u s  and r e q u i r e s  t h e  u s e  and workup of l a r g e  amounts 
of so lvent ;  i t  i s  n o t  recommended for a l a r g e  number of samples. 

It can b e  s t a t e d ,  g e n e r a l l y ,  t h a t  s e p a r a t i o n s  t h a t  can b e  done by column chromatog- 
raphy can a l s o  be  done cons iderably  b e t t e r  by HPLC. 
chromatography, HPLC g i v e s  much b e t t e r  r e s o l u t i o n ,  much s h o r t e r  run t imes ,  and much 
less so lvent .  However, t h e  amount of sample that can b e  processed per  run  is 
cons iderably  less than  w i t h  column chromatography. 
s e v e r a l  runs of t h e  sample can be  made w i t h  t h e  a t t e n d a n t  advantages of t ime,  work- 
up of  much less s o l v e n t ,  and r e s o l u t i o n .  

In t h e  petroleum f i e l d ,  HPLC h a s  been used  predominantly f o r  i d e n t i f i c a t i o n  of com- 
ponents  in a mixture  or f o r  f i n g e r p r i n t i n g  o i l  samples. 
pa id  t o  t h e  u s e  of HPLC as a m e a n s  of performing gross s e p a r a t i o n s  al though,  in 
certain i n s t a n c e s ,  I n v e s t i g a t o r s  have i s o l a t e d  peaks and i d e n t i f i e d  t h e  compound or 
compounds by GC/MS or mass spectrometry.  Although WLC/MS instruments are a v a i l -  
a b l e ,  HPLC does n o t  have t h e  r e s o l u t i o n  c a p i l l a r y  colunm GC has  and, as a r e s u l t ,  
HPLC/MS is not  as u s e f u l  as  c a p i l l a r y  column GC/MS f o r  t h e  a n a l y s i s  of complex 
mixtures. 

It w a s  found that t h e  u s e  of  the UBondapak NH2 as 2 s t a t i o n a r y  phase in HPLC was 
e x c e l l e n t  f o r  t h e  s e p a r a t i o n  of non-polar or w e a k l )  p o l a r  compounds; however, wi th  
p o l a r  compounds, t h e  phase was too  r e t e n t i v e  and, a l though moderately p o l a r  com- 
pounds might pass  through t h e  column w i t h  a g r a d i e n t ,  h ighly  p o l a r  compounds are 
re ta ined .  It i s  p o s s i b l e  t o  backwash t h e  h ighly  p o l a r  compounds b u t  s e p a r a t i o n  
i n t o  f r a c t i o n s  of t h e  p o l a r  compounds can n o t  b e  achieved.  

With f r a c t i o n a l  d i s t i l l a t i o n ,  t h e  t o l u e n e ,  which 

With such e x t r a c t i o n s  as t h e  a c i d /  

Complex formation i s  not  only 

When compared t o  column 

To overcome t h i s  disadvantage,  

L i t t l e  a t t e n t i o n  has been 

However. i f  one i s  
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i n t e r e s t e d  only  in non-polar or weakly polar PNAs, a n i c e  s e p a r a t i o n  according 
t o  t h e  number of r i n g s  of  t h e  parent  PNAs and t h e i r  a l k y l  d e r i v a t i v e s  can b e  
accomplished wi th  a o n d a p a k  NH2, as s h a m  in Table 1. 

Table  1. Retent ion  Time Range of Se lec ted  Benzenoid PNAs and Alkyl  PNAS 
as a Funct ion of t h e  Number of Rings (mondapak NH2, B w a n e  
Solvent ,  Flow Programmed 1-4 mL/min) 

Number of Reten t ion  Time Range (Minutes) 
Rings Noncondensed Con den s ed 

1 4.2 (1) NA 
2 5.0-5.8 (3)  NA 
3 6.8-7.5 (7) NA 
4 9.3-10.9 (5) 7.7-8.3 (3)  
5 13.7-15.1 (3) 11.5-12.1 (2)  

( ) Number of compounds from which range w a s  
determined 

NA Not Applicable  

Such a s e p a r a t i o n  i n t o  f r a c t i o n s  can be  very  u s e f u l  f o r  i d e n t i f y i n g  a complex 
mixture  t h a t  c o n t a i n s  predominantly compounds t h a t  a r e  r e l a t i v e l y  non-polar, s i n c e  
GC condi t ions  can be  ta i lor-made t o  each f r a c t i o n .  It is p a r t i c u l a r l y  u s e f u l  f o r  
i d e n t i f y i n g  t h e  higher  PNAs. 

Whereas HPLC with  a VBondapak NH2 column a f f o r d s  a good s e p a r a t i o n  of non-polar 
compounds, i t  appeared that t h e  weakly p o l a r  s t a t i o n a r y  phases ,  mondapak Phenyl 
and uBondapak CN, might b e  more u s e f u l  for s e p a r a t i n g  t h e  p o l a r  compounds i n t o  
f r a c t i o n s .  
was found t h a t ,  wi th  VBondapak CN, a s a t i s f a c t o r y  s e p a r a t i o n  could b e  accomplished 
us ing  a r a t h e r  complex gradien t  of  hexane t o  THF, as shown in Figure  1. 

Frac t ion  1 (Figure 1) conta ined  a v a r i e t y  of  t h e  typical PNAs and a l k y l  PNA6, 
inc luding  naphthalenes,  b iphenyls ,  benzothiophenes, acenaphthenes,  f l u o r e n e s ,  
phenanthrenes, an thracenes ,  dibenzothrophenes,  aceanthrenes ,  and pyrenes.  
was a l s o  a series of  a l k y l  benzenes p r e s e n t  i n  f r a c t i o n  1 . )  
f r a c t i o n s  were more p o l a r ,  they  w e r e  d e r i v a t i z e d  wi th  Tri-Si1 Concentrate ,  BSA, o r  
Methyl-8. 
phenols ,  a number of hydroxy PNAs, inc luding  hydroxy s t y r e n e s ,  indans ,  benzofurans,  
indenes,  naphthols ,  benzothiophenes, b iphenyls ,  and f l u o r e n e s .  
summary of t h e  hydroxy PNAs and, in Figure  2,  t h e i r  r e t e n t i o n  t ime r a n g e s  on a 
50 meter OV-101 column programmed from 20 t o  240°C are shown. 
Table 2 that  t h e  more a l k y l a t i o n  t h e r e  is in t h e  molecule  t h e  lower t h e  f r a c t i o n ,  a s  
would be  expected,  since t h e  compound would b e  less p o l a r  or more non-polar. 

The mass s p e c t r a  of t h e  a l k y l a t e d  d e r i v a t i v e s  of t h e  hydroxy P U S  t y p i c a l l y  had a 
H-15 ion as t h e  base  peak from loss of  a methyl  from t h e  t r i m e t h y l  s i l y l  grouping. 
There vas a M - 3 1  peak i n d i c a t i v e  of  a R-O-Si-CH2 ion. The parent  ion w a s  a l s o  a 
prominant ion.  Occasional ly ,  a M-89 ion  i n d i c a t i v e  of l o s s  of (CH3)$3iO- was 
found. 
under iva t ized  phenyl r i n g  is found. 

F r a c t i o n s  5 and 6 contained dihydroxy benzenes. 
t h e s e  f r a c t i o n s ,  poss ib ly ,  because they  might n o t  g e t  through t h e  column under t h e  
condi t ions  used. 

In  experiments  w i t h  t h e s e  columns under a v a r i e t y  of c o n d i t i o n s ,  it 

(There 
S ince  t h e  remaining 

S u r p r i s i n g l y ,  F r a c t i o n s  2 ,  3, and 4 conta ined ,  a long  w i t h  some a l k y l  

I n  Table  2 ,  a 

It can b e  seen from 

I n  t h e  case of hydroxy b iphenyls ,  an ion  corresponding t o  t h e  l o s s  of t h e  

No dihydroxy PNAs were found in 
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1 I I 

I I I I I 1 I I I b 5 10 15 20 25 30 35 40  45 
MINUTES 

Figure 1. Hygas O i l  Samples, HPLC on VBondapak CN Column, 
2 mL/min Flow, 16 Minutes Hexane Alone, Linear 
Gradient ,  0-1% i n  10 Minutes, 1-5% in 10 Minutes, 
and 5-100% THF i n  H e x a n e  i n  1 0  Minutes; W 
Detection at  254 nm 
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PHENOLS 

HYDROXYSTYRENES 

HYDROXY INDENES 

NAPHTHOLS 

HYDROXYBENZOTHIOPHENES 

I I I I I 1 I I I 

45 50 55 60 65 70 75 8 0  85 

2 1 2 -  A 

+% I ' I : z 1  

HYDROXY BIPHENY LS 

HYDROXYFLUORENES 

M 
% I  ' I 

2 
+ I ,  

L I I I I I I I J  
7 0  75 80 85 90 95 100 105 110 115 120 

Figure 2.  Retention Time Ranges of Some Phenols and Hydroxy PNAs, 
Derivatized with BSA, in Fractions 2 , 3 ,  and 4 

191 



nn u m  
m e  
v w  

U 

n 
m u 

I g I I  

n 
N 
v 

I l l 1  I U I  

h 

W 
rl 

I I I N  

m 
al 

c a 
0 .r( 

.e 
U 
0 
N 

8 

G 

m 
rl 
R 

c a 
d 
P 

5 

j;. 
0 - N m  a v v v v  

R z 

m 
al e 
al r 

d 
w 
2 n m 

a 
5 

5 
a 

h 

I4 0 -  
‘0 V U  
R 
X 

5 
v 

nn 
m r l  
N\D m 
v v  

I I  I 

nnh- 
N W U d  

m U m N  
d N  

w v v w  

rl 

n 
n h m n  
d W d N  

I w w v w  
h U 0 U  
N U a 3 4  

rl 

nn 
Nr- 
u o  

N 

I 

Q 

0 a 
E 
0 
V 

s 3 
c 
I4 
R 
U 
m 
2 

2” 
r O I N r n t  
Q V V U V V  

N 

Q 
rl 
P 
tu 
.3 

u4 
0 
al a 
R w 

192 



SYNTHETIC MIMICS FOR VISCOSITY AND SPECTRA O F  H-COAL ASPHALTENES 

Peter A. s. Smi th ,  James C .  Romine, and Mustafa  El -Sheikh  

Department o f  Chemis t ry ,  U n i v e r s i t y  o f  Michigan ,  Ann Arbor ,  M I  48109 

Aspha l t enes  f rom l i q u e f a c t i o n  o f  c o a l  have  c h a r a c t e r i s t i c  p r o p e r -  
t i e s  o f  s o l u b i l i t y ,  v i s c o s i t y ,  and s p e c t r o s c o p y  t h a t  on t h e  one  hand 
r e q u i r e  e x p l a n a t i o n ,  and on t h e  o t h e r  hand  c o u l d  p r o v i d e  i n s i g h t  i n t o  
t h e  complex chemica l  n a t u r e  of t h e s e  s u b s t a n c e s .  Knowing t h a t  a s p h a l -  
t e n e s  can  be  s e p a r a t e d  i n t o  n e u t r a l ,  a c i d i c  and  b a s i c  f r a c t i o n s  and 
t h a t  t h e  a c i d s  a r e  p h e n o l i c  and t h e  b a s e s  are a p p a r e n t l y  p y r i d i n e  
d e r i v a t i v e s ,  w e  t u r n e d  o u r  a t t e n t i o n  t o  t h e  h y p o t h e s i s  t h a t  p h e n o l i c  
s t r u c t u r e s  hav ing  two o r  more hydroxy l  g roups  p e r  molecu le  and  h e t e r o -  
c y c l i c  b a s e s  o f  t h e  p y r i d i n e  t y p e  w i t h  t w o  o r  m o r e  b a s i c  s i tes might  
when mixed d i s p l a y  p r o p e r t i e s  s i m i l a r  t o  t h o s e  o b s e r v e d  i n  a s p h a l t e n e s .  

n u c l e a r  magnet ic  r e s o n a n c e  s p e c t r a  showing some a b s o r p t i o n  i n  t h e  
r e g i o n  6 3 t o  4. T h i s  is t o o  f a r  u p f i e l d  t o  be due  t o  aromatic o r  
o l e f i n i c  hydrogens ,  and t o o  f a r  downf ie ld  t o  b e  due  t o  s i m p l e  a l k y l  
g roups ,  even  when t h e y  b e a r  phenyl  s u b s t i t u e n t s .  However, t h e  
g r e a t e r  e l e c t r o n - w i t h d r a w i n g  power o f  t h e  p y r i d i n e  r i n g  migh t  be  
enough t o  s h i f t  a l i p h a t i c  r e s o n a n c e  t o  t h a t  r e g i o n .  W e  t h e r e f o r e  
chose  s t r u c t u r e s  h a v i n g  two o r  more phenol  o r  p y r i d i n e  r i n g s  l i n k e d  
by a series o f  methylene  g roups  r a n g i n g  between one  and s i x .  Such 
compounds would be  c a p a b l e  o f  m u l t i p l e  hydrogen  bonding  w i t h  each  

I n  choos ing  model compounds, w e  n o t e d  t h a t  a s p h a l t e n e s  have  

OH OH 

o t h e r ,  ana logous  t o  a s p h a l t e n e s  (11, and t h e i r  m i x t u r e s  c o u l d  be  an-  
t i c i p a t e d  t o  have h i g h  v i s c o s i t i e s .  Fu r the rmore ,  w e  had a l r e a d y  
demons t r a t ed  t h e  p r e s e n c e  of c h a i n s  of methylene  g roups  i n  a s p h a l -  
t e n e s  ( 2 ) .  

Methylene-4,4'-bisphenol and i t s  2 , 2 ' - i s o m e r  a r e  commerc ia l ly  
a v a i l a b l e .  B i s p h e n o l s  w i t h  a two-carbon b r i d g e  w e r e  s y n t h e s i z e d  from 
t h e  a p p r o p r i a t e  benza ldehyde  by t h e  benzo in  c o n d e n s a t i o n  and  r educ -  
t i o n .  B i spheno l s  w i t h  o t h e r  b r i d g e s  w e r e  p r e p a r e d  as  shown i n  t h e  
e q u a t i o n s ,  u t i l i z i n g  t h e  F r i e s  r ea r r angemen t .  T r i s p h e n o l s  w e r e  p re-  
pa red  by a doub le  Fr ies  r e a r r a n g e m e n t ,  and  t e t r a k i s p h e n o l s  w e r e  p re -  
pa red  from b i s p h e n o l  e t h e r s  by a d o u b l e  F r i e d e l - C r a f t s  r e a c t i o n  
u s i n g  methoxyphenyla lkanoyl  c h l o r i d e s ,  r e d u c t i o n ,  and  d e m e t h y l a t i o n .  

2 -ArCH=O -+ Ar-CHON-CO-Ar + A r - C N 2 C H 2 - A r  

HOArCH=O + CH3COAr 'OH + HOArCH=CHCOAr 'OH + H O A r - ( C H 2 ) 3 - A r ' O H  

HOArH + C 1 C O ( C H 2 ) n - 2 C O C 1  + + H O A r C O ( C H 2 ) n - 2 C O A r O H  + H O A r ( C H 2 ) , A r O H  

B i s p y r i d i n e s  and b i s q u i n o l i n e s  w e r e  p r e p a r e d  a s  shown, or  were 
p r e p a r e d  from q u i n o l y l m e t h y l l i t h i u m  and an  = ,R-dibromoalkane .  

P ~ C H = O  + P y a 3  + PYCH=CHPY -t P Y ( C H ~ ) ~ P Y  
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1- (2 -Pyr idy l )  -2- (2-hydroxyphenyl)  e t h a n e  w a s  p r e p a r e d  a n a l o g o u s l y  
from a - p i c o l i n e  a n d  s a l i c y l a l d e h y d e  and r e d u c t i o n  o f  t h e  r e s u l t i n g  
s t i l b e n e  a n a l o g  w i t h  H2/Pd. 

nmr s p e c t r a  of t h e  b i s p y r i d i n e s ,  and  e s p e c i a l l y  t h e  b i s q u i n o l i n e s ,  
s i m u l a t e  t h e  a l i p h a t i c  r e g i o n  o f  a s p h a l t e n e  s p e c t r a ,  i n c l u d i n g  t h e  
downf ie ld  end ,  r e a s o n a b l y  w e l l .  

Mix tu res  o f  a pheno l  and  a p y r i d i n e  f rom th i s  g r o u p  w e r e  more 
d i f f i c u l t  t o  d i s s o l v e  t h a n  t h e  p u r e  compounds, a n d  t e t r a h y d r o f u r a n  
w a s  t h e  o n l y  i n e r t  s o l v e n t  t h a t  showed a g e n e r a l  a b i l i t y  t o  d i s s o l v e  
t h e m .  I n  t h i s  respect,  there is a s i m i l a r i t y  to  p r e a s p h a l t e n e s  o f  
H-coal vacuum bottoms. 

The compounds and  t h e i r  p r o p e r t i e s  are l i s t e d  i n  T a b l e  I .  The 

T a b l e  I 
P h e n o l s  and  P y r i d i n e s  

" a l i p h a t i c " a  
N o .  Compound mp, OC NMR, ppm 

1. 
2. 
3. 

4 .  

5.  
6.  

7. 
8 .  

9 .  
1 0 .  

11. 
1 2 .  

1 3 .  

14 .  

1 5 .  

1 6 .  
1 7 .  

18. 

a.  - 

4-HOC6H4 (CH2) ,C6H4-OH 
n = 2  
n = 3  
n = 4  

n = 3  

n = l  
n = 3  

n = 5  
n = 6  

n = 2  
n = 3  

3-HOC6H4 (CH2) ,C6H4-3-OH 

2-HOC6H4 (CH2) ,C6H4-2-OH 

2-HO-5-CH3C6H3(CH2)nC6H3-5-CH3-2-OH 

C5H4N-2- ( C H 2 )  .-2-C5H4N 

C5H4N-4-  (CH2) .-4-C5H4N 

n = 2  
n = 3  

C5H4N-2-  (CH2) 2-4-C5H42*' 

C5H4N-3- ( C H 2 )  2-4-C H N 

C5H4N-2-  ( C H 2 )  2-3-C5H4N 

2 - q u i n o l y l  ( C H 2 )  n-2-quinolyl  

5 4  

n = 2  
n = 6  

2-C5H4N- ( C H 2 )  2-2-C6H40H 

198-99 
96-98 

158-59 

131-33 

115-17 
83-85 

103-05 
123-24 

107-10 
l i q .  

109-109.5 
57-60 

l i q .  

34-36 

l i q .  

162-63 
90-91 - 5  

87.5-88 

2 .9  
1.6-2.8 
1.5-2.5 

2 . 0 ,  2.8 

4 . 2  
1.0-2.8,  5.3 

2 .7 ,  4 .8  
1 . 4 ,  2.2 

3 .4  
2 -0-2 .5 ,  
2.6-3.1 

2.95 
1.9-2.4,  
2.5-3.0 

2.95 

2.95 

2.90 

3.55 
1 .3-2 .2 ,  
2.9-3.3 

3.18 

I n  a l l  compounds,  aromatic 'H r e s o n a n c e  o c c u r r e d  i n  t h e  r e g i o n  
7-9 ppm. 

I n i t i a l l y ,  w e  p l a n n e d  t o  measure v i s c o s i t y  i n  s o l u t i o n ,  owing t o  
t h e  f a c t s  t h a t  mos t  o f  t h e  compounds w e r e  s o l i d s ,  and  t h e  q u a n t i t i e s  
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w e r e  i n  most c a s e s  s m a l l ,  owing t o  t h e  l a b o r i o u s  s y n t h e s e s .  The 
s o l v e n t s  used by p r e v i o u s  worke r s  t o  s t u d y  t h e  e f f e c t  o f  hydrogen  
bonding  on v i s c o s i t y  (benzene ,  e t h a n o l ,  e t h y l  o r  amyl acetate)  would 
n o t  d i s s o l v e  s u f f i c i e n t  q u a n t i t i e s  o f  o u r  m a t e r i a l s ,  and  w e  were 
d r i v e n  t o  use  t e t r a h y d r o f u r a n .  T h i s  s o l v e n t  had a l r e a d y  been  used  
t o  s t u d y  a s s o c i a t i o n  i n  a s p h a l t e n e s  by Schwager,  Lee and  Yen (l), 
u s i n g  vapor  p r e s s u r e  osmometry. 

Measurements o f  s o l u t i o n s  o f  s i n g l e  p h e n o l s  o r  p y r i d i n e s  and 
m i x t u r e s  of them w e r e  made i n  0 . 1  molar  s o l u t i o n s  i n  THF on a n  Ub- 
be lohde  v i s c o m e t e r  a t  2 5 . 0 0 t 0 . 0 2 ° ,  c a l i b r a t e d  a g a i n s t  w a t e r ,  d i -  
me thy l  s u l f o x i d e ,  and THF. The v a l u e s  o f  n so o b t a i n e d  are shown 
i n  Tab le  11. 

Tab le  I1 
V i s c o s i t i e s  o f  0 . 1  M S o l u t i o n s  i n  T e t r a h y d r o f u r a n  

None 0 . 4 6 1  
1 7  1 0 7 . 2  0 . 8 9 3 0  0 . 5 0 1 7  

0 . 4 9 4 8  6 1 0 6 . 0  0 . 8 9 0 9  
0 . 5 0 7 6  6 + 1 7  1 0 8 . 2  0 . 8 9 5 2  

1 5  1 0 4 . 1  0 . 8 8 8 0  0 . 4 8 4 5  
6 + 1 5  1 0 5 . 0  0 . 8 9 0 6  0 . 4 9 0 1  
1 5  + methylene-2,2'-bisphenol 1 0 5 . 8  0 . 8 8 9 6  0 . 4 9 3 3  

The r e s u l t s  show t h a t  t h e  v i s c o s i t i e s ,  n ,  do n o t  d i s t i n g u i s h  t h e  
s o l u t i o n s  i n  which 0 - t o - N  hydrogen  bonding  c a n  o c c u r  f rom t h o s e  i n  
which it canno t .  T h i s  f a c t  a p p e a r s  t o  a r i s e  from t h e  n a t u r e  o f  t h e  
s o l v e n t ,  which can  i t se l f  ac t  a s  a n  a c c e p t o r  i n  hydrogen bonding .  
The ene rgy  of f o r m a t i o n  of t h e  phenol-THF hydrogen bond h a s  been re- 
p o r t e d  t o  be 2.6 kcal /mol  ( 3 )  and t h a t  of t h e  p h e n o l - p y r i d i n e  hydroqen  
bond t o  b e  8 .0  kcal /mol  ( 4 ) .  However, i n  t h e  0 . 1  M s o l u t i o n s ,  t h e  
c o n c e n t r a t i o n  of t h e  s o l v e n t  THF i s  two o r d e r s  o f  magni tude  g r e a t e r  
t h a n  t h a t  of t h e  p y r i d i n e ,  such  t h a t  t h e  s o l v e n t  can  compete e f f e c -  
t i v e l y  w i t h  t h e  p y r i d i n e  f o r  t h e  pheno l .  T h i s  l e v e l i n g  e f f e c t  
g r e a t l y  r e d u c e s  t h e  v a l i d i t y  o f  s t u d i e s  o f  hydrogen bond ing  between 
s u b s t r a t e s  i n  THF; u n f o r t u n a t e l y ,  t h e  s o l u b i l i t y  c h a r a c t e r i s t i c s  of 
t h e  s u b s t r a t e s  d i d  n o t  allow a more i n e r t  s o l v e n t  t o  be  used .  

The f o r e g o i n g  r e s u l t s  demons t r a t ed  t h a t  v i s c o s i t i e s  would have  
t o  be measured on u n d i l u t e d  m e l t s  i n  o r d e r  t o  i n v e s t i g a t e  t h e  r o l e  o f  
hydrogen  bonding. Such expe r imen t s  r e q u i r e  much l a r g e r  s amples  t h a n  
w e  had been a b l e  t o  p r e p a r e  o f  most o f  t h e  s u b s t r a t e s ,  and  w e  t h e r e -  
f o r e  l i m i t e d  t h e s e  e x p e r i m e n t s  t o  t h o s e  s u b s t a n c e s  t h a t  were a v a i l -  
a b l e  i n  s u f f i c i e n t  q u a n t i t y .  Fu r the rmore ,  t h e  n e c e s s i t y  t o  w o r k  
w i t h  m e l t s  a t  e l e v a t e d  t e m p e r a t u r e s  d i c t a t e d  a change i n  measure- 
ment t e c h n i q u e ,  and w e  t h e r e f o r e  u s e d  a B r o o k f i e l d  E n g i n e e r i n g  
L a b o r a t o r i e s  model LVT r o t a t i o n a l  v i s c o m e t e r ,  u s i n g  a B r o o k f i e l d  UL 
sample  ce l l  s u i t a b l e  f o r  v i s c o s i t i e s  o f  1 t o  1 0  c p ,  o r  a s p e c i a l l y  
d e s i g n e d  small sample c e l l  (1.5-2.0 m l )  f o r  v i s c o s i t i e s  i n  t h e  r ange  
1 0 0 - 1 0 , 0 0 0  cp .  The e n t i r e  a p p a r a t u s  was e n c l o s e d  i n  a g l a s s  con- 
t a i n e r  which was immersed i n  a t h e r m o r e g u l a t e d  b a t h  o f  s i l i c o n e  o i l .  
Measurements on model compounds were made on 15-g. samples  under  an  
a rgon  a tmosphere  a t  a series of i n c r e a s i n g  t e m p e r a t u r e s .  Measure- 
ments w e r e  r e p r o d u c i b l e  a f t e r  c o o l i n g  and r e m e l t i n g  f o r  t h e  model 
compounds, b u t  n o t  f o r  c o a l - d e r i v e d  m a t e r i a l s  u n t i l  t h e  sample had 
been s u b j e c t e d  t o  s e v e r a l  h e a t i n g / c o o l i n g  c y c l e s .  
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Although a r a n g e  of t e m p e r a t u r e s  was u s e d  i n  e a c h  case, v a r i a -  
t i o n s  i n  m e l t i n g  p o i n t  and  v i s c o s i t y  p r e c l u d e d  compar ing  a l l  samples 
a t  the s a m e  t e m p e r a t u r e .  Changes i n  s h e a r  rate ( 6 ,  30, 60 rpm) 
showed some non-Newtonian b e h a v i o r  (shear t h i n n i n g ) ,  which  w a s  p ro-  
nounced  w i t h  some samples. Comparison o f  s a m p l e s  i s  t h u s  m o r e  re- 
l i ab le  a t  h i g h e r  s h e a r  rates,  and  o n l y  v a l u e s  a t  60 rpm are shown 
h e r e .  R e p r e s e n t a t i v e  r e s u l t s  are g i v e n  i n  T a b l e  111. 

T a b l e  I11 
V i s c o s i t i e s  o f  U n d i l u t e d  M e l t s  a t  60 rpm and  A c t i v a t i o n  Pa rame te r s  

lnrl = A + En/RT 
A Ea a t  160°  a t  180"  a t  210° 

(cp)  ( c p )  (CP) n Sample 

11 
1 2  

CH2 ( 4 - C 6 H 4 0 H )  

CH2 (2-C6H40H) 

CH2(4-C6H40H)2 + 11 
CH2(2-C6H40H)2 + 11 

CH2 (2-C6H40HI2 + 1 2  

CH2(4-C6H40H12 + 1 2  

2 + 11 

b 1 8  
" o i l s  L r e s i n s " -  
" low mol. wt.  '' a s p h a l t e n e s g  
"h igh  mol. w t . "  a s p h a l t e n e s g  

1 .25  
1.39 

3 .99  2.70 

4.84 3 .45  2 .13  

6 .55  4.19 2.26 

4.24 2.12 

3 .58  2 .45  

2.48 
5.17 3 .68  
2.77 2 .08  
3.84 2.70 

6 .95  4 .68  
1550 .0d  

-5.1 4.6 
-5.2 4.9 
-5.6 6.3 

-6.2 6.7 

-8.0 8.4 

-10.0 10 .4  

- 1 0 . 2  9.9 

--4.8 5.6 

-6.3 6.9 
-8.1 7.8 
-7.5 7.6 
-5.7 6.9 
-5.2 55.5 

- a .  kca l /mol .  b. P e n t a n e - s o l u b l e  f r a c t i o n  o f  H-coal vacuum bot toms.  
c.  S e e  t e x t .  c. A t  200O. - 

The measu remen t s  a t  d i f f e r e n t  t e m p e r a t u r e s  ( a  g r e a t e r  r a n g e  and 
number o f  p o i n t s  t h a n  g i v e n  i n  Tab le  111) a l l o w  t h e  a c t i v a t i o n  ene rgy  
f o r  v i s c o u s  f l o w ,  q, t o  be d e t e r m i n e d  f rom t h e  E y r i n g  e q u a t i o n  ( 5 ) ,  
lnrl = A + E+/RT. These  v a l u e s  are  g i v e n  i n  T a b l e  111, a l t h o u g h  t h i s  
e q u a t i o n  is of u n c e r t a i n  v a l i d i t y  f o r  m o l e c u l e s  t h a t  a r e  f a r  f rom 
s p h e r i c a l  ( 6 ) .  The l i n e a r i t y  o f  a p l o t  of l n n  v s .  1 / T  may be u s e d  
as  a gauge  o f  i ts a p p l i c a b i l i t y  t o  a g i v e n  s y s t e m ;  t he  d a t a  f o r  t h e  
v a r i o u s  model s y s t e m s  w e r e  c l o s e l y  l i n e a r ,  w i t h  a c o r r e l a t i o n  c o e f -  
f i c i e n t  of 0.97-0.99. F o r  c o a l - d e r i v e d  ma te r i a l s ,  t h e  e q u a t i o n  i s  
l e s s  re l iable  ( c o r r e l a t i o n  c o e f f i c i e n t  0 .91-0 .96) ,  some c u r v a t u r e  
b e i n g  n o t i c e a b l e  a t  h i g h e r  t e m p e r a t u r e s .  

The a c t i v a t i o n  e n e r g i e s  are  of t h e  same o r d e r  of magn i tude  as  
t h e  ene rgy  o f  t h e  hydrogen  bond,  except f o r  t h e  " h i g h  m o l e c u l a r  
w e i g h t "  a s p h a l t e n e s  ( s o l u b l e  i n  t o l u e n e ,  b u t  i n s o l u b l e  i n  75% pen- 
t ane /25% t o l u e n e ) ,  t h e  v a l u e  f o r  which  i s  more t h a n  f i v e - f o l d  t h o s e  
o f  t h e  o t h e r s ,  and  i n  p a r t i c u l a r ,  i s  e i g h t  t i m e s  as  h i g h  a s  t h a t  f o r  
" l o w  m o l e c u l a r  weight"  a s p h a l t e n e s  ( s o l u b l e  i n  75% pentane /25% 
t o l u e n e ) .  

Among t h e  f o r e g o i n g  da t a ,  t h e  s y s t e m  2 + 11 p r o v i d e s  a r eason-  
a b l y  good s i m u l a t i o n  of t h e  v i s c o s i t y  c h a r a c t e r i s t i c s  of " l o w  
m o l e c u l a r  w e i g h t "  a s p h a l t e n e s .  Both t h e  a c t i v a t i o n  parameters and  
t h e  m a n i f e s t a t i o n  of non-Newtonian b e h a v i o r  v a r y  w i t h  t h e  l e n g t h  o f  
t h e  c o n n e c t i n g  c h a i n  of me thy lene  g r o u p s  a n d  t h e  p o s i t i o n  of t h e  
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H-bonding s i t e s ,  and  f u r t h e r  s t u d y  o f  t h e  r e l a t i o n s h i p  may p r o v i d e  
a more p r e c i s e  d e l i n e a t i o n  o f  t h e  s t r u c t u r a l  p o s s i b i l i t i e s  f o r  c o a l -  
d e r i v e d  l i q u i d s .  I t  a p p e a r s ,  however,  even  a t  t h i s  s t a g e ,  t h a t  t h e  
"h igh  molecu la r  w e i g h t "  a s p h a l t e n e s  owe t h e i r  v i s c o s i t y  t o  a majorr 
e x t e n t  t o  o t h e r  c a u s e s .  

W e  have made s i m i l a r  compar i sons  o f  t h e  i n f r a r e d  s p e c t r a  of 
me l t ed  a s p h a l t e n e s  and of model s y s t e m s  a t  e l e v a t e d  t e m p e r a t u r e s ,  
u s i n g  an e l e c t r i c a l l y  h e a t e d  ce l l  w i t h  i n t e r n a l  t e m p e r a t u r e  s e n s i n g ,  
and r e c o r d i n g  t h e  s p e c t r a  o v e r  a r ange  of t e m p e r a t u r e s .  A s  was ex-  
p e c t e d ,  t h e  a b s o r p t i o n s  due  t o  a s s o c i a t e d  0 - H  d e c r e a s e d  i n  compar i -  
son t o  u n a s s o c i a t e d  0 - H  as t h e  t e m p e r a t u r e  was r a i s e d .  The g e n e r a l  
f o r m  and  t h e  t e m p e r a t u r e  s e n s i t i v i t y  f o r  a s p h a l t e n e s  and  f o r  mix- 
t u r e s  o f  model p h e n o l s  and  p y r i d i n e s  w e r e  q u a l i t a t i v e l y  s i m i l a r .  
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Reducing V i s c o s i t y  of Coal 
L i q u e f a c t i o n  Products  With Addi t ives  
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ARC0 Petroleum Products  Company 
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Harvey, I L  60426 

I n t r o d u c t i o n  

V i s c o s i t y  i s  one of  t h e  c r i t i c a l  p r o p e r t i e s  h inder ing  t h e  develop- 
ment of c o a l  l i q u e f a c t i o n  processes .  A product  of  h i g h  v i s c o s i t y  
i s  d i f f i c u l t  t o  pump, f i l t e r  and atomize,  a f f e c t i n g  t h e  f low o f  
process  s t reams,  removal of c a t a l y s t s ,  t r a n s p o r t  from one l o c a t i o n  
t o  another  and p r o p e r  a tomiza t ion  i n  combustion equipment. The 
use  of h i g h e r  tempera tures  t o  reduce v i s c o s i t y  i s  c o s t l y  and i s  
o f t e n  accompanied b y  problems of o x i d a t i v e  and thermal degradat ion 
and s a f e t y .  

V i s c o s i t y  can be reduced by more e x t e n s i v e  hydrogenation. This  
p r a c t i c e ,  however, i n c r e a s e s  t h e  c o s t  of product  and may n o t  b e  
necessary .  I f  t h e  cause  of h igh  v i s c o s i t y  of  c o a l  l i q u e f a c t i o n  
products  i s  thoroughly understood,  an economically a t t r a c t i v e  
a l t e r n a t i v e  t o  e x t e n s i v e  hydrogenat ion can probably b e  found. A 
r e s e a r c h  program t o  i n v e s t i g a t e  t h e  cause of  h igh  v i s c o s i t y  o f  
c o a l  l i q u e f a c t i o n  products  and t o  improve t h i s  c r i t i c a l  p roper ty  
w a s  c a r r i e d  out  a t  Harvey Technical  Center  under t h e  j o i n t  sponsor- 
s h i p  by E l e c t r i c  Power Research I n s t i t u t e  and A t l a n t i c  R i c h f i e l d  
Company. R e s u l t s  o f  this program have been i s s u e d  a s  an  EPRI 
r e p o r t . ( l )  P r i o r  t o  t h i s  j o i n t  program an  in-house p r o j e c t  was 
a l s o  i n i t i a t e d  by A t l a n t i c  R i c h f i e l d  t o  determine causes  and 
remedies for h i g h  v i s c o s i t y  of  c o a l  l i q u e f a c t i o n  products .  One 
r e s u l t  of t h e s e  programs i s  t h e  d iscovery  t h a t  c e r t a i n  chemical 
compounds, when used  a t  concent ra t ions  of  1-10:;, a r e  e f f e c t i v e  i n  
reducing t h e  m e l t  v i s c o s i t y  and s o f t e n i n g  temperature  of these 
c o a l  l i q u e f a c t i o n  products .  This  paper  summarizes our f i n d i n g s  
on t h i s  s u b j e c t  and expresses  our  t h i n k i n g  regard ing  t h e i r  mecha- 
nism of a c t i o n .  

Experiment a1 

Source o f  Coal L i q u e f a c t i o n  Products  

1. H-Coal 

H-Coal was .brovided by Hydrocarbon Research,  Inc . ,  Trenton,  N J ,  
and was ide, :+Lfied as PDU R u n  130-73. T h i s  p i l o t  p l a n t -  run was 
opera ted  a t  a f u e l  o i l  mode meaning t h a t  less ex tens ive  hydro- 
gena t ion  was c a r r i e d  o u t .  This  y i e l d e d  t h r e e  f r a c t i o n s :  atmos- 
p h e r i c  overhead, atmospheric bottoms and vacuum bottoms. The 
last-named f r a c t i o n  conta ined  c a t a l y s t s  and o t h e r  ash-forming 
materials. It was de-ashed i n  o u r  l a b o r a t o r y  by d i s s o l v i n g  i n  
te t rahydrofuran ,  f i l t e r i n g  through a f ine-pore  f i l t e r  a i d  
(Celatorn FP-2 from Eagle-Picher  I n d u s t r i e s )  and removing t h e  
s o l v e n t  by d i l u t i n g  wi th  water ,  f i l t e r i n g ,  washing and dry ing  
i n  a vacuum oven. The de-ashed vac. bottoms was then  combined 
w i t h  t h e  o t h e r  two f r a c t i o n s  accord ing  t o  t h e  propor t ions  
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provided by Hydrocarbon Research. To avoid  ox ida t ion  a l l  
opera t ions  w e r e  c a r r i e d  out under N 2  atmosphere and a l l  
ma te r i a l s  were s t o r e d  i n  d e s i c c a t o r s  o r  c losed  con ta ine r s  
under N 2 .  
f o r  t h i s  study a r e  shown i n  Table 1. 

Analyses of t he  d i f f e r e n t  ba tches  Of H-Coal used 

2. SRC-Coal 

Solvent Refined Coal was provided by C a t a l y t i c ,  I n c . ,  
Wi l sonv i l l e ,  AL. It was produced from I l l i n o i s  No. 6 Coal 
of Burning S t a r  Mines and was used a s  r ece ived  i n  ou r  s t u d i e s .  
Analyses a r e  a l s o  shown i n  Table 1. 

Source of Additives 

A l l  t he  a d d i t i v e s  d iscussed  i n  t h i s  paper (except naphthenic  
a c i d  and aromatic o i l s )  were purchased. Supp l i e r s  and chemical 
s t r u c t u r e  a r e  shown i n  Table 6.  

Blending 

I n  the case of  11-Coal the  components were weighed i n t o  a N 2 -  
f lushed  screw-capped Pyrex j a r ,  hea ted  i n  an oven a t  350-360°F 
u n t i l  t he  s o l i d s  melted and were then s t i r r e d  under a N2 
blanket  i n t o  a homogeneous mixture .  The j a r  was c losed ,  cooled 
t o  room temperature and t h e  s o l i d  mass was pu lve r i zed  i n t o  a 
powder under 142 b l anke t .  This powder was used f o r  a n a l y s i s ,  
f o r  mel t ing  po in t  and s o f t e n i n g  po in t  de te rmina t ions  and f o r  
blending wi th  a d d i t i v e s .  H-Coal and l e s s  v o l a t i l e  a d d i t i v e s  
were weighed d i r e c t l y  i n t o  the  Brookf ie ld  viscometer cup. Th i s  
procedure avoided oxida t ion  of  t h e  product during h o t  b lending  
and was more convenient than ca r ry ing  ou t  t h e  b lending  i n  an 
au toc lave .  However, i t  a l s o  l i m i t e d  t h e  q u a n t i t y  of  11-Coal 
blended i n  each ba tch  and a t o t a l  of s i x  ba tches  had t o  be pre-  
pared f o r  t h i s  s tudy .  An au toc lave  was used when more v o l a t i l e  
a d d i t i v e s ,  e.g. propylene oxide ,  a c e t i c  anhydride and a c e t i c  
a c i d  were employed. 

For Solvent Refined Coal t h e  same procedure was followed except  
t h a t  no b lending  from components was r equ i r ed .  

Viscos i ty  Determination 

1 Viscos i ty  was determined i n  a Brookfield Viscometer (Model RVT 
a t  temperatures of  278-500°F and shea r  r a t e s  of 14 and 28 sec- . 
These correspond t o  speeds of  50 and 100 rpm wi th  t h e  SC 4-28 
sp ind le .  A l l  v i s c o s i t y  da ta  were based on an average o f  t h r e e  
readings  which were m u a l l y  w i t h i n  2 2  of each o the r .  Tempera- 
t u r e s  shown f o r  t h e  v i s c o s i t y  da t a  w e r e  a c t u a l  temperatures 
based on c a l i b r a t i o n .  Low and i n c o n s i s t e n t  v i s c o s i t y  readings  
obta ined  f o r  non-homogeneous samples were d is regarded .  



Sof ten ing  Poin t  Determinat ion 

The  s o f t e n i n g  p o i n t  w a s  determined accord ing  t o  ASTM Method 
D-2398. To avoid excess ive  o x i d a t i o n ,  t h e  p r e p a r a t i o n  o f  t h e  
sample d i s c  w a s  c a r r i e d  o u t  under N2 atmosphere i n  t h e  labo-  
r a t o r y  o f  one o f  t h e  i n v e s t i g a t o r s .  

R e s u l t s  and Discussion 

The a d d i t i v e s  found t o  be e f f e c t i v e  a t  1-10% l e v e l  can be d iv ided  
i n t o  two groups: those  which a r e  r e a c t i v e  w i t h  c e r t a i n  components 
of coal  l i q u e f a c t i o n  products  and t h o s e  which a r e  u n r e a c t i v e .  These 
m a t e r i a l s  a r e  d e f i n e d  as a d d i t i v e s  on t h e  b a s i s  t h a t  they  perform 
an e s s e n t i a l  f u n c t i o n  a t  a r e l a t i v e l y  low concent ra t ion .  

React ive Addi t ives  

twsf?sfion The presence of a c i d i c  and b a s i c  components i n  c o a l  
products  i s  w e l l  known. S ternberg  and h i s  coworkers 
repor ted  t h a t  a s p h a l t e n e s ,  t h e  key i n t e r m e d i a t e  of  c o a l  l i q u e f a c t i o n ,  
conta ins  both  a c i d i c  and b a s i c  components and t h a t  t h e  hydrogen 
bonding between t h e s e  components i s  r e s p o n s i b l e  f o r  t h e  high vis-  
c o s i t y  of t h e  products .  The a c i d i c  components inc lude  phenols and 
p y r r o l e s ,  whi le  t h e  b a s i c  components a r e  p y r i d i n e s .  

Based on t h i s  knowledge w e  p o s t u l a t e d  t h a t  any chemical compound 
which can r e a c t  w i t h  e i t h e r  t h e  a c i d i c  o r  b a s i c  groups w i l l  reduce 
t h e  v i s c o s i t y  of c o a l  l i q u e f a c t i o n  products  by conver t ing  t h e  a c i d  
o r  b a s i c  components i n t o  n e u t r a l  ones and, i n  so  doing, e l i m i n a t e  t h e  
s t r o n g  i n t e r m o l e c u l a r  f o r c e s  causing h igh  v i s c o s i t y .  The p o s t u l a t i o n  
was proved t o  be c o r r e c t .  Fig.  1 shows t h e  v i s c o s i t y  o f  a H-Coal 
w i t h  and wi thout  t h e  presence  of 5% by weight  of  var ious  r e a c t i v e  
a d d i t i v e s .  Table  2 shows t h e  e f f e c t  o f  t h e s e  a d d i t i v e s  on s o f t e n i n g  
temperature  and a c a l c u l a t e d  % r e d u c t i o n  of  330°F v i s c o s i t y .  
a d d i t i v e s  r e p r e s e n t  t h e  fo l lowing  c l a s s  o f  chemical compounds. Only 
one o r  two compounds i n  each c l a s s  were t e s t e d  and consequent ly ,  may 
n o t  r e p r e s e n t  t h e  optimum choice.  The l a t t e r  i s  dependent on c o s t ,  
a v a i l a b i l i t y ,  e f f e c t i v e n e s s  and such c o n s i d e r a t i o n s  as v o l a t i l i t y ,  
cor ros iveness ,  t o x i c i t y ,  s a f e t y  and ease o f  handl ing.  

These 

a.  

b. 

Acids and Anhydrides 

These compounds are expected t o  conver t  t h e  b a s i c  n i t r o g e n  com- 
pounds t o  s a l t s  o r  amides, e l i m i n a t i n g  t h e  H-bonding w i t h  t h e  
weaker p h e n o l i c  compounds. Compounds t e s t e d  inc lude  naphthenic  
a c i d ,  a c e t i c  a c i d ,  a c e t i c  anhydride and dodecenyl s u c c i n i c  
anhydride. A t  a c o n c e n t r a t i o n  of 5% W, t h e  reduct ion  i n  330°F 
melt  v i s c o s i t y  was 82-59%. I n  l a t e r  work wi th  1 and 2% a c e t i c  
anhydride and a d i f f e r e n t  ba tch  of H-Coal r e d u c t i o n s  of 355'F 
v i s c o s i t y  o f  40.5 and 52.5% were obta ined .  (Table 4 )  

Amines 

The amines s e l e c t e d  f o r  t e s t i n g  were Cocoamine and Duomeen C ,  
based on c o n s i d e r a t i o n s  o f  v o l a t i l i t y .  A t  5% 11 they  reduced 
330°F v i s c o s i t y  of  H-Coal by 72.6-31.0%. 
s e n t e d  by B') probably f u n c t i o n  by r e p l a c i n g  t h e  weaker pyr id ine  
type components (B) from t h e  hydrogen bonding p a i r  A---B. 

These amines ( repre-  
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The new hydrogen bonding p a i r  formed A-B' w i l l  have  lower 
v i s c o s i t y ,  s i n c e  B' i s  a smaller molecule  t h a n  B. 

c. Epoxides 

Epoxides can r e a c t  w i t h  t h e  p h e n o l i c  compounds i n  t h e  c o a l  
l i q u e f a c t i o n  p r o d u c t ,  forming h y d r o x y a l k y l  e t h e r s .  

t r  I I  

\ /  R 
0 OH 

The epoxides  t e s t e d  i n c l u d e d  propylene  o x i d e  and Epoxide No. 7 ,  
a g l y c i d y  e t h e r  o f  a m i x t u r e  o f  n-C8 and n-C1 The 
former lowered 355OF v i s c o s i t y  o f  one b a t c h  o f  H-Coal by 56.7% 
when used a t  2% IJ. The l a t t e r  lowered t h e  330°F v i s c o s i t y  o f  
a n o t h e r . b a t c h  by 84.3%, when used  a t  5% W. The e f f e c t  of con- 
c e n t r a t i o n  of propylene  oxide  on v i s c o s i t y  of  H-Coal i s  shown 
i n  Table  4. 

a l c o h o l s .  

Un r e  a c t i ve A d d i t i v e s  

Compounds o f  t h i s  t y p e  a r e  n o t  expec ted  t o  r e a c t  c h e m i c a l l y  
w i t h  components o f  c o a l  l i q u e f a c t i o n  p r o d u c t s .  
t h e i r  e f f e c t  on v i s c o s i t y  and s o f t e n i n g  p o i n t  o f  li-Coal. A t  a 
c o n c e n t r a t i o n  of  5% IJ t h e y  reduced  t h e  330°F m e l t  v i s c o s i t y  of 
H-Coal by 7G.3-95.5:; and lowered t h e  s o f t e n i n g  p o i n t  by 17-81°F. 

One most promis ing  compound i s  N-methyl-2-pyrrol idone (NMP) . A t  
5% W i t  gave t h e  l a r g e s t  r e d u c t i o n  i n  v i s c o s i t y ,  95.5:b, among 
t h e  compounds t e s t e d  and i s  shown i n  Table  4. Subsequent  con- 
c e n t r a t i o n  s t u d i e s  i n d i c a t e d  t h a t  i t  i s  q u i t e  e f f e c t i v e  even a t  
1% IJ. The r e s u l t s  of  t h i s  c o n c e n t r a t i o n  s t u d y  a r e  shown i n  
Table  4 and i l l u s t r a t e  t h a t  68.0-78.4: r e d u c t i o n s  o f  t h e  330°F 
v i s c o s i t y  was a c h i e v e d  w i t h  1% N-methyl-2-pyrrol idone f o r  d i f -  
f e r e n t  b a t c h e s  o f  li-Coal. F i g .  2 shows v i s c o s i t y  o f  H-Coal a s  
a f u n c t i o n  of  tempera ture  and c o n c e n t r a t i o n  of  IJMP. 

These compounds belong t o  t h e  chemical  c l a s s e s  o f  amides,  phos- 
phoramides,  lactarns and ke tone .  They a r e  a l l  p o l a r  compounds 
w i t h  moderate hydrogen bonding c h a r a c t e r i s t i c s .  T h e i r  a b i l i t y  
t o  reduce  t h e  v i s c o s i t y  of  N-Coal i s  b e l i e v e d  t o  be r e l a t e d  t o  
t h e i r  s t r o n g  s o l v e n t  powe o r  t h e  a s p h a l t e n e s  and p r e a s p h a l -  
t e n e s .  A l t g e l t  and H a r l e t 5 f  r e p o r t e d  t h a t  v i s c o s i t y  o f  s o l u t i o n s  
o f  petroleurn a s p h a l t e n e s  i s  dependent or t h e  n a t u r e  o f  s o l v e n t .  
A good s o l v e n t  such  a s  p y r i d i n e  providet :  7 much l o v e r  s o l u t i o n  
v i s c o s i t y  f o r  a pe t ro leum a s p h a l t e n e  than  a poor s o l v e n t  such  
as cyclohexane.  From t h i s  and r e l a t e d  o b s e r v a t i o n s  t h e y  con- 
c luded  t h a t  v i s c o s i t y  of  a s p h a l t s  depends c o n s i d e r a b l y  on t h e  
i n t e r m o l e c u l a r  a g g r e g a t i o n  o f  d i s s o l v e d  a s p h a l t e n e s  and t h e  
e x t e n t  of  a g g r e g a t i o n  i s  dependent on t h e  s o l v e n t .  

T a b l e  3 shows 
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The s i t u a t i o n  encountered  wi th  H-Coal i s  b e l i e v e d  t o  b e  
s i m i l a r  i n  t h e  sense  tha t  good s o l v e n t s  d i d  reduce v i s c o s i t y  
and t h a t  t h e  h i g h  v i s c o s i t y  i s  caused by aggrega t ion .  Dif- 
fe rences  may ex is t  i n  t h e  cause o f  aggre a t i o n .  A l t g e l t  and 
Har le ,  r e f e r r i n g  t o  s t u d i e s  by Yen e t  a l f 6 ) .  d e s c r i b e d  t h e  
aggrega te  as the s t a c k i n g  of condensed aromatic  r i n g s .  For 
coal  l i q u e f a c t i o n  products ,  t h e  work of  S ternberg  a l s o  i n d i -  
ca ted  t h a t  aggrega t ion  o f  asphal tene  molecules i s  caused by 
in te rmolecular  If-bonding between a c i d i c  and b a s i c  groups. 
Regardless  of t h e  exac t  mechanism we can expect  t h a t  aggrega- 
t i o n  of molecules  does exis t  in  c o a l  l i q u e f a c t i o n  products  and 
t h a t  good s o l v e n t s  can a l t e r  t h e  e x t e n t  o f  aggrega t ion  and 
thereby reduce i t s  v i s c o s i t y .  

One important  d i f f e r e n c e  between t h e  p r e s e n t  case  and t h a t  of 
A l t g e l t  and l f a r l e  i s  t h e  r e l a t i v e  propor t ion  of  s o l v e n t  and 
s o l u t e  molecules .  In t h e  l a t t e r  case  t h e  h i g h e s t  concent ra t ion  
o f  s o l u t e  was 26.8% and t h e  predominant s p e c i e s  i n  t h e  s o l u t i o n  
i s  t h a t  of t h e  s o l v e n t .  I n  t h e  case  w i t h  H-Coal and 1% NMP i t  
is es t imated  t h a t  each molecule of  NMP has t o  exert  i t s  e f f e c t  
on 10-15 molecules  o f  asphal tene  o r  preasphal tenes .  This  seems 
t o  i n d i c a t e  t h a t  t h e s e  asphal tenes  and preasphal tene  molecules 
do e x i s t  i n  aggrega tes  o f  10-15 and more and t h a t  NMP e x e r t s  
i t s  e f f e c t  n o t  on i n d i v i d u a l  molecules b u t  on t h e s e  aggrega tes .  

E f f e c t i v e n e s s  i n  Solvent  Refined Coal (SRC) 

a .  React ive Addi t ives  

b 

SRC from I l l i n o i s  NO. 6 coal  was t r e a t e d  wi th  1 and 2% of 
propylene oxide ,  a c e t i c  a c i d  and a c e t i c  anhydride i n  an  auto-  
c lave .  A r e a c t i o n  temperature  of 500°F was maintained f o r  30 
min. The t r e a t e d  product  had a v i s c o s i t y  15-40% lower than t h e  
o r i g i n a l  SRC (Table  5 ) .  This improvement was cons iderably  l e s s  
than t h a t  occur red  w i t h  H-Coal (40.5-56.7%) under comparable 
test condi t ions .  

Unreact ive Addi t ives  

O f  t h e  many u n r e a c t i v e  a d d i t i v e s  found e f f e c t i v e  i n  H-Coal only 
one was chosen f o r  t rea tment  of  SRC. Resul t s  i n d i c a t e d  t h a t  
N-methyl-2-pyrrolidone yave a 48.2% reduct ion  o f  430°F v i s -  
c o s i t y  a t  a concn. of  4 .  \!. 

However, a number of aromatic  petroleum by-products were found 
to  b e  e f f e c t i v e  a t  concent ra t ions  of  10%. Data i n  Table  5 show 
t h a t  t h e  two a r o m a t i c  e x t r a c t s  reduced t h e  440°1: v i s c o s i t y  by 
44.0-72.5%. These a r e  by-products  from so lvent  r e f i n i n g  of 200 
and 100 v i s c o s i t y  (SUS @ 100OF) l u b r i c a n t  base o i l s .  The con- 
c e n t r a t i o n  of a romat ic  hydrocarbons by c lay-ge l  a n a l y s i s  i s  i n  
t h e  range  o f  66-70?;. 
v i s c o s i t y  by 78.0-83.57;. 
cracker  and c o n t a i n  approximately 60% aromatic  hydrocarbons. 
e f f e c t i v e n e s s  of t h e s e  a d d i t i v e s  i s  apparent ly  r e l a t e d  t o  t h e  
presence of  h i g h  concent ra t ions  of  aromatic  h;7drocarbons and 
t h e i r  b e t t e r  s o l u b i l i t y  f o r  t h e  components o f  SRC. 
e f f e c t i v e n e s s  o f  l i g h t  c y c l e  o i l s  than  t h e  a romat ic  e x t r a c t s  
is b e l i e v e d  t o  b e  r e l a t e d  t o  t h e i r  much lower v i s c o s i t y .  

The two l i g h t  c y c l e  o i l s  reduced t h e  4400F 
They a r e  by-products of  f l u i d  c a t a l y t i c  

The 

The g r e a t e r  
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Tab le  1 

Composition of Coal L i q u e f a c t i o n  P roduc t s  

I d e n t  i t y 
Batch   NO.^ 
Analyses  

Wt. % c 
H 
0 
S 
N 
Ash 

1401. R a t i o  H / C  
H20 

H-Coal SRC 
1 L 3 6 -I- 

6 . 7 1  7.15 7.30 7.38 5.75 
4.66 4.11 4.12 4 .  80 5.00  
0.70 0.62 0.57 0.67 
1 .39  1 .28  1.27 1.28 2.00 
0.14 0.17 0 . 2 1  0.15 0 . 2 4  
0 .32  1. 56 0 . 1 3  - - 
0 . 9 3  0 .99  1.00 1.03 0.79  

85 .65  85.65 86.75 85 .34  86.90 

- 

a Batches 4 and 5 were b l ended  w i t h  same p r o p o r t i o n s  of atmos- 
p h e r i c  ove rhead ,  a tmosphe r i c  bo t tom and de-ashed vac. bottoms 

~ a s  Batch 3 .  They were n o t  ana lyzed .  

Table  2 

E f f e c t  o f  A d d i t i v e s  on V i s c o s i t y  and S o f t e n i n g  P o i n t  o f  H-Coala 

% Reduction 

A d d i t i v e  
S o f t e n i n g  P o i n t  V i s c o s i t y  

W t .  1 OF a t  330°F 
be t e rmined  Reduction 

None - 2 75 - - 
Naphthenic  Acid  5 210 6 5  8 2 . 1  
A c e t i c  Anhydride 5 235 40  88.8 
Dodeceny 1 S u c c i n i c  5 2 2 3  52  84.4 

Coco amine 5 200 75 81.0 
Anhy d r  i de 

Duomeen C 5 210 6 5  72.6 
Epoxide No. 7 5 2 0 3  7 2  84.3 

a Batch 2 ,  B r o o k f i e l d  V i s c o s i t y  22.10 p o i s e  a t  330°F and 28 s e c - l .  
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Tab le  4 

Effec t  of C o n c e n t r a t i o n  of  A d d i t i v e  on V i s c o s i t y  o f  11-Coal 

H-Coal B r o o k f i e l d  V i s c o s i t y  
Add i t ive  W t .  i Batch No. P o i s e a  

3300F 3 5 5 OF 

Acetic Anhydride 0 5 
1 
2 
4 

2 
4 

I ,  

I t  

I 1  

Propylene  Oxide 0 6 
I t  

I, 

N-Methyl-2- 0 4 
Pyr ro l idone  1 I 1  

2 I 1  

4 I ,  

- 24.13 - 14.35 
- 11.46 - 9.00 - 16.08 - 6.97 - 4.53 

37.50 - 
8.10b - 
5.58 - 
3.17 - 

% 
Reduct ion 

- 
40.5 
52.5 
62.7 

56.7 
71.8 

75.4 
85.1 
91.5 

- 

- 

a A t  s h e a r  r a t e  of 28 sec-l  
b E x t r a p o l a t e d  from V i s .  a t  340 and  355OF 

Tab le  5 

E f f e c t  o f  A d d i t i v e s  on V i s c o s i t y  of  So lven t  Ref ined  Coal 

Add i t ive  Wt. I 
None - 
Propylene  Oxide 1.0 
Acet ic  Acid 2.0 
Acet ic  Anhydride 1.0 
Aromatic  O i l s  

2095 E x t r a c t  10.0 
1095 E x t r a c t  10.0 
L i g h t  Cycle  O i l  10.0 
Hydro t r e a  t e d 10.0 

L igh t  Cycle  O i l  

Brook fi e l d  V i s  cos  i t y  
440°F, 28 s e c - 1  

P o i s e  

10.00 
8.50 
7.00 
6.00 

5.60 
2.75 
2.20 
1.65 

I Reduct ion 
V i s c o s i t y  
a t  440°F 

- 
15.00 
30.00 
40.00 

44.0 
72.5 
78.0 
83.5 
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T a b l e  6 

S u p p l i e r  and Nature  o f  A d d i t i v e s  

Add i t ive  

Naphthenic Acid 
(200 A.N.) 

Chemical Nature  o r  S t r u c t u r e  

A m i x t u r e  of  c a r b o x y l i c  a c i d s  
c o n t a i n i n g  a c y c l o p a r a f f i n i c  
r i n g  and i s o l a t e d  from naph- 
t h e n i c  c rude  o i l .  Avg. Mol. 
W t .  260. 

S u p p l i e r  

A t l a n t i c  
Richf  i e l d  

A c e t i c  Anhydride Eastman Organic  
Chemicals 

Dodeceny 1 S u c c i n i c  
Anhydride 

Humphrey Chem. 
co  . C12H23 - CH- CO 

I > o  
CH2-CO 

Propylene  Oxide Union Carb ide  CH3-CH-CH2 
\ /  

0 

Epoxide No. 7 ROCH2- C t - F H 2  
0 

R = n-CgH17 Gr n-C10H21 

P r o c t e r  Fr 
Gamble 

Pr imary  amine produced from 
coconut f a t t y  a c i d s .  

Cocoamine Armak 

Duomeen C Armak 

Dimethylacetamide Aldr  i ch 

A l d r i c h  

A1 d r  i c h  

Te t r ame thy lu rea  Me 2N- CO- NMe 2 

Hexamethyl- 
phosphoramide 

N-me t hy 1- 
2 - p y r r o  l i d o n e  

GAF CH2-CH2 
t i  

CB2-C = 0 

Y 
I 
14e 

Met hy l h e p  t y  1 
ke tone  

Amour  n-C7H15 C-Me 
II 
0 
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Figure 1. Effect 01 Additives on Viscosity of HGoai 
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Figure 2. Ellect 01 N-Methyl-2-Pyrrolidone (NMP) on Viscosity of H-Coal (Batch 4) 
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ULTRAFILTRATION DE-ASHING PROCESS 
FOR SOLVENT REFINED COAL 

A b  de l k  ade r Bens alem * 
Chemical Engineer ing  Department, Columbia U n i v e r s i t y  

N e w  York, N e w  York 1 0 0 2 7  

*Leaving on a f e l l o w s h i p  t o :  Technisch-Chemisches Laborator ium 
ETH - Zur ich ,  CH-8006 S w i t z e r l a n d  

INTRODUCTION 

Most u l t r a f i l t r a t i o n  ( U F )  s t u d i e s  have focused on aqueous 
systems where s o l u t i o n s  are c o n c e n t r a t e d  by t h e  removal of w a t e r .  
References t o  t h e  UF o f  non-aqueous s o l u t i o n s  are i n f r e q u e n t .  Th&). 
p a u c i t y  of s t u d i e s  on non-aqueous s o l u t i o n s  h a s  been due p r i m a r i l y  
t o  t h r e e  reasons.  F i r s t ,  p resent -day  membrane technology i s  pr imar-  
i l y  d i r e c t e d  toward t h e  d e m i n e r a l i z a t i o n  o f  s a l i n e  and b r a c k i s h  
waters. Second, t h e  o r g a n i c  f o u l i n g  i n  water of c o n v e n t i o n a l  c e l l u -  
los ic  type  membranes h a s  l i m i t e d  t h e i r  u s e  i n  non-aqueous, o r g a n i c  
s o l u t i o n s .  T h i r d ,  t h e  low p r i c e  o f  energy dur ing  t h e  l as t  t w o  
decades d i d  n o t  encourage e n g i n e e r s  t o  develop low p r e s s u r e ,  t h u s  
l o w  energy techniques  o f  s e p a r a t i o n  which w e r e  c a p i t a l  i n t e n s i v e .  
But now w i t h  t h e  n e c e s s i t y  f o r  energy c o n s e r v a t i o n  and t h e  develop- 
ment of membranes made of  new polymer ic  materials,  ones which provide  
both  good mechanical  c h a r a c t e r i s t i c s  and good r e s i s t a n c e  a g a i n s t  
chemical  a t t a c k ,  membrane t e c h n o l o g i e s  a r e  being a p p l i e d  t o  non- 
aqueous systems ;* 3 ) .  

V i r t u a l l y  a l l  of t h e  c o a l  l i q u e f a c t i o n  p r o c e s s e s  r e q u i r e  t h e  
s e p a r a t i o n  o f  ash p a r t i c l e s  from t h e  c o a l  d e r i v e d  l i q u i d s  i n  o r d e r  t o  
q u a l i f y  t h e  product  as a furnace  f u e l .  The SRC, S o l v e n t  Ref ined  
Coal ,  p r o c e s s  produces a l i q u i d  having  about  5% a s h ;  a r e d u c t i o n  of 
a s h  t o  below 0 .1% is  necessary  t o  o b v i a t e  t h e  u s e  of e l e c t r o s t a t i c  
p r e c i p i t a t o r s  i n  t h e  f u r n a c e ,  t h u s  reducing  c a p i t a l  costs i n  p r o d u c t  
u t i l i z a t i o n .  A f u r t h e r  de-ashing t o  less t h a n  0 . 0 0 5 %  would q u a l i f y  
SRC a s  a g a s  t u r b i n e  f u e l .  A l s o ,  s i n c e  m o s t  of  t h e  s u l f u r  i n  SRC 
(0 .55%)  i s  c o n c e n t r a t e d  i n  t h e  a s h ;  a UF de-ashing p r o c e s s  would 
p a r t i a l l y  o b v i a t e  t h e  need f o r  e x t e n s i v e  d e s u l f u r i z a t i o n  o f  t h e  
p r o d u c t . 4  . A t y p i c a l  a n a l y s i s  i s  shown i n  Table  1. The a s p h a l t e n e s  
(benzenh S o l u b l e ,  pentane s o l u b l e )  are b e l i e v e d  t o  be  r e s p o n s i b l e  f o r  
t h e  high v i s c o s i t y  of  t h e  product .  A s e p a r a t i o n  of  t h e s e  a s p h a l t e n e s  
from t h e  f u e l  could s e r v e  t o  a v e r t  v i s c o s i t y - r e l a t e d  problems i n  use. 
These a s p h a l t e n e s  could  be f u r t h e r  t r e a t e d  by t h e r m a l  hydrocracking  
t o  produce more o i l .  

The o b j e c t i v e  i n  t h i s  i n v e s t i g a t i o n  w a s  t o  s t u d y  t h e  de-ashing 
(a lso d e - s u l f u r i z a t i o n )  of SRC u s i n g  UF membranes i n c l u d i n g  ones  of 
f ixed-charge ,  s u l f o n i c  a c i d  n a t u r e .  P r i n c i p a l l y  such  p a r a m e t e r s  a s  
f e e d  v i s c o s i t y ,  t empera ture ,  use of s o l v e n t s ,  cross-f low v e l o c i t y ,  
n a t u r e  of  t h e  membrane and i ts  f o u l i n g  were of i n t e r e s t .  
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T a b l e  I 

Analys is  of  SRC (SAMPLE from F i l t e r  f e e d  f r m  I N D I A N A  V Coal) 

S p e c i f i c  g r a v i t y  a t  9OOc 
V i s c o s i t y  a t  105OC 
O i l s  (Pentane solubles) 
Asphal tenes  ( P e n t a n e  InSOlubleS) 
Organic  Benzene I n s o l u b l e s  
Ash ( I n o r g a n i c  Insolubles) 
S u l f u r  

1.087 
19.8 ( c p )  
65.0% ( w t .  % )  
27.9% ( w t .  % )  
5.7% ( w t .  % )  
5.45% ( w t .  % )  
0.55% ( w t . % )  

EXPERIMENTAL 

A. Apparatus:  The sys tem used i n  t h i s  i n v e s t i g a t i o n  i s  shown i n  
F ig .  1. The 2 .0  1 s t a i n l e s s  s teel  reservoir was h e a t e d  by h e a t i n g  
t a p e s  and i t s  t e m p e r a t u r e  c o n t r o l l e d  by a v a r i a c .  The device  r e a d i l y  
w i t h s t a n d s  p r e s s u r e s  up t o  1500 p s i .  The o p e r a t i n g  p r e s s u r e s  w e r e  
p rovided  by compressed n i t r o g e n  g a s  a p p l i e d  d i r e c t l y  t o  t h e  reser- 
v o i r .  The f low l i n e s  w e r e  made of 0.5 i n .  schedule  - 40 p ipes .  
R e - c i r c u l a t i o n  ra tes  w e r e  monitored w i t h  a h igh  tempera ture  and 
p r e s s u r e  (up t o  1400 p s i g .  and 205OC) d i a l  i n d i c a t o r  purgemeter  
Model 10A2227, manufac tured  by F i s c h e r  and P o r t e r  Co. o f  Warminster, 
Pennsylvania .  The o p e r a t i n g  tempera ture  w a s  measured a t  t h e  e x i t  o f  
t h e  cell wi th  a s t a i n l e s s  s tee l  Weston thermometer. A s p e c i a l  posi-  
t i v e  d isp lacement  pump from t h e  Viking Pump D i v i s i o n ,  Model GG1950 
w i t h  steel e x t e r n a l  d i r e c t  d r i v e  u n i t ,  a c t e d  as a f e e d  carrier t o  t h e  
system. T h i s  pump c a n  handle  many t y p e s  o f  l i q u i d s  w i t h  v i s c o s i t i e s  
up t o  15,000 S.S.U. a t  tempera tures  up t o  107OC. 

B. Membranes and their Condi t ion ing:  U F  membranes are u s u a l l y  
s t o r e d  and c o n d i t i o n e d  i n  water b e f o r e  use.  I n  t h i s  s t u d y ,  t h e  f i r s t  
t r e a t m e n t  w a s  t o  c o n d i t i o n  t h e  membranes i n  a non-aqueous environ-  
ment. To avoid  osmotic shock t h i s  t r a n s f e r  was accomplished gradual -  
l y  a t  r e g u l a r  i n t e r v a l s ,  every  1 0  minutes ,  by i n c r e a s i n g  t h e  concen- 
t r a t i o n  o f  t h e  s o l v e n t  w i t h  r e s p e c t  t o  water, us ing  a w a t e r  m i s c i b l e  
s o l v e n t  s u c h  as methanol .  Then t h e  membrane could  be t r a n s f e r r e d  
d i r e c t l y  t o  any o t h e r  non-aqueous s o l v e n t  ( t o l u e n e ,  hexane,  k e r o s e n e ,  
. - . I .  

T h e  membranes used  i n  t h i s  s t u d y  were cast from a s o l u t i o n  of 
polyacrylamide o n t o  a spun bonded p o l y s t e r  suppor t .  The membranes 
pore  r a d i i  w e r e  a b o u t  1.5 nn and 70% pore  volume ( P o i s e u i l l e )  . 
C. 24 CB - Creosote S o l v e n t :  T h i s  s o l v e n t  w a s  o b t a i n e d  from A l l i e d  
Chemical, Semet s o h ~ y  D i v i s i o n  of  Morr is town,  New J e r s e y .  T h i s  i s  a 
s p e c i a l l y  r e f i n e d  c r e o s o t e  d i s t i l l a t e  of  t a r  o b t a i n e d  by t h e  h igh  
tempera ture  c a r b o n i z a t i o n  of bi tuminous c a a l ,  and f u r t h e r  processed  
t o  remove e x c e s s  c r y s t a l l i n e  s a l t s  and make t h e  o i l  more f l u i d .  The 
24-CB c r e o s o t e  o i l  h a s  a s p e c i f i c  g r a v i t y  a t  38OC/15.5OC of 1.06,  
and i t s  v i s c o s i t y  i s  about  2 . 1  Cp a t  100°C. 

D. Analys is  fo r  Ash: A m u f f l e  f u r n a c e  o p e r a t i n g  a t  tempera tures  up 
t o  9500C w a s  used  f o r  t h e  a n a l y s i s  f o r  i n o r g a n i c  ash. Weighted 
samples  of  t h e  f e e d s  and t h e  permeates  o f  SRC (each  weighing about  
10  9 )  were d r i e d  o v e r n i g h t  a t  about  100°C; fo l lowing  t h i s  t h e  temper- 
a t u r e  of t h e  f u r n a c e  w a s  i n c r e a s e d  by 50OC increments  e v e r y  h a l f  hour 
u n t i l  9OOoC and t h e n  k e p t  t h e r e  f o r  2-3 h o u r s ,  a f t e r  which t h e  red- 
d i s h  brown powder which r e s u l t e d  w a s  cooled  i n  a d e s s i c a t o r  and 
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weighted.  
cont inued  u n t i l  no f u r t h e r  weight  loss w a s  observed.  

RESULTS AND DISCUSSION 

To  i n s u r e  t o t a l  d e c a r b o n a t i o n ,  t h e  p r o c e s s  a t  900°C was 

AS shown i n  F i g u r e  2. an i n c r e a s e  i n  tempera ture  from 85OC t o  
l O O O C  i n c r e a s e d  t h e  f l u x  by a f a c t o r  of about  2.5. I t  i s  known t h a t  
h i g h  tempera tures  reduce  t h e  v i s c o s i t y  o f  t h e  f l u i d .  With SRC, on 
going  from 85oC t o  l O O O C  t h e  v i s c o s i t y  w a s  lowered from about  42.0 Cp 
t o  about  20.8 Cp, o r  by a f a c t o r  o f  2.0.  A s  f o r  ash  r e j e c t i o n  
(99 .8% a t  85OC; 99.9% a t  100°c) t h i s  improves w i t h  h i g h e r  tempera- 
t u r e s  and wi th  h i g h e r  a x i a l  v e l o c i t y  o f  t h e  f l u i d  due t o  i t s  lowered 
v i s c o s i t y .  From F i g u r e  3,  one Can see t h a t  h i g h  p r e s s u r e s  t e n d  t o  
i n c r e a s e  t h e  r e s i s t a n c e  t o  flow because  under  h igh  p r e s s u r e s  p a r t i -  
cles a r e  f o r c e d  a g a i n s t  t h e  membrane and p o s s i b l y  i n t o  t h e  p o r e s .  
These e f f e c t s  create a p o l a r i z e d  boundary l a y e r  which may p r e v e n t  
h i g h e r  f l u x e s .  W e  o b s e r v e d  t h a t  a t  t h e  beginning  o f  t h e  r u n ,  a t  high 
p r e s s u r e s  (15 .51  x LO5 P a s c a l s  o r  225 p s i g )  t h e  r e j e c t i o n  i s  low 
compared t o  t h e  one measured a t  t h e  end o f  t h e  r u n ( 5 ) .  High pres-  
s u r e s  f o r c e  t h e  s m a l l e r  p a r t i c l e s  i n t o  t h e  l a r g e r  p o r e s ,  which are 
r e s p o n s i b l e  f o r  t h e  l o w  r e j e c t i o n .  A f t e r  t h e  g e l  s l i m e  h a s  formed, 
t h e  r e j e c t i o n  i s  u s u a l l y  1 0 0 %  b u t  t h e  f l u x e s  are much lower. 

UF of SRC w a s  run, a t  the same tempera ture  and p r e s s u r e  b u t  a t  
d i f f e r e p t  a x i a l  v e l o c i t i e s ,  as shown on Figure  4. A t  h igh  a x i a l  
v e l o c i t i e s  t h e  f l u x e s  l e v e l e d  o f f  smoothly t o  reach  a h i g h e r  s t e a d y  
s ta te  l e v e l ;  a t  l o w  velocities, f l u x e s  d e c r e a s e d  s h a r p l y  as s h w n  by 
t h e  curve f o r  t h e  v e l o c i t y  o f  v = 305 cm/sec. Higher  v e l o c i t i e s  
a p p a r e n t l y  p r e v e n t e d  t h e  format ion  o f  t h e  g e l  s l i m e  on t h e  s u r f a c e  o f  
t h e  membrane, and  reduced  t h e  t h i c k n e s s  o f  t h e  boundary l a y e r  by pro- 
moting t u r b u l e n c e ,  i n  t h e  f low of  t h e  f l u i d  i n  t h e  ce l l .  A s  f o r  a s h ,  
r e j e c t i o n ,  (99.909d1, 99. 892; 9 9 .  803) it i n c r e a s e s  w i t h  i n c r e a s i n g  
v e l o c i t i e s  f o r  t h e  same reasons  given above. 

shown i n  F igure  5 (Curve # 2 ) .  I t  shows t h a t  a 1 0 %  d i l u t i o n  almost 
doubled t h e  f l u x e s .  T h i s  a g a i n  i s  e x p l a i n e d  by t h e  f a c t  t h a t  Creo- 
sote oil has a l o w  v i s c o s i t y  (about  2 . 0  Cp a t  94OC) compared w i t h  t h e  
SRC v i s c o s i t y  of 35.8 Cp a t  94oC, t h i s  reduces  t h e  v i s c o s i t y  of  t h e  
SRC s o l u t i o n  and makes t h e  f l u i d  much e a s i e r  t o  flow. Ash r e j e c t i o n  
a l s o  i n c r e a s e d  w i t h  d i l u t i o n ,  100% compared w i t h  t h a t  o f  p u r e  SRC 
(99 .9%) .  One o b s e r v e s  t h a t  d i l u t i o n  h a s  t h e  same e f f e c t  as  tempera- 
t u r e ;  both serve t o  reduce  t h e  SRC v i s c o s i t y .  

see a s t r o n g  e f f e c t  of d i l u t i o n .  A 10% d i l u t i o n  i n c r e a s e d  t h e  f l u x  
by a f a c t o r  o f  3 .5 ;  a 25% d i l u t i o n  i n c r e a s e d  t h e  f l u x  by a f a c t o r  o f  
6.5. Ash r e j e c t i o n  a l s o  i n c r e a s e d  w i t h  d i l u t i o n ,  99.99 - 100% 

T h e  p e r m e a b i l i t i e s  o f  d i l u t e d  SRC w i t h  24-CB Creosote  oil i s  

With t o l u e n e ,  as shown i n  F igure  5 (Curves # 3  and 4 ) ,  one can 

compared w i t h  99.9% f o r  u n d i l u t e d  SRC. 
From t h e  r e s u l t s  s h w n  i n  F i g u r e  5,  one observes  t h a t  t o l u e n e  

s e r v e d  much b e t t e r  t h a n  24-CB Creosote o i l ,  p r i m a r i l y  because  it h a s  
a lower v i s c o s i t y  t h a n  c r e o s o t e  o i l .  -_---_-_____________ 

1 a t  v = 366 c m / s e c .  
2 a t  v = 335 cm/sec. 
3 a t  v = 305 cm/sec. 
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SEPARATION OF COAL MACERALS* 

Gary R. Dyrkacz, C. A. A. Bloomquist, Louis  E. Fuchs,  
and E. P h i l i p  Horwitz 

Chemistry D i v i s i o n ,  Argonne N a t i o n a l  Laboratory,  
9700  South C a s s  Avenue, Argonne, I l l i n o i s  60439 

INTRODUCTION 

A s  c o a l  s c i e n c e  p r o g r e s s e s  t h e  need f o r  pure  c o a l  macerals be- 
comes i n c r e a s i n g l y  obvious .  The chemical  and p h y s i c a l  p r o p e r t i e s  Of 
t h e  v a r i o u s  macera ls  a r e  known t o  d i f f e r  s u b s t a n t i a l l y ( l ) ,  b u t  a 
l a r g e  p o r t i o n  o f  t h e  work i s  based on European c o a l s .  
s e p a r a t e d  macerals used f o r  p r e v i o u s  s t u d i e s  were n o t  a lways o f  h igh  
p u r i t y .  
s e p a r a t i n g  t h e  m a c e r a l s .  W e  a r e  c u r r e n t l y  involved  i n  a program t o  
d e f i n e  t h e  p a r a m e t e r s  n e c e s s a r y  f o r  e f f i c i e n t  s e p a r a t i o n  o f  macerals 
u s i n g  d i f f e r e n c e s  i n  d e n s i t y  and t o  b u i l d  up s t o c k s  o f  macerals f o r  
a d d i t i o n a l  a n a l y s e s .  Our t e c h n i q u e  i s  based on d e n s i t y  g r a d i e n t  
c e n t r i f u g a t i o n  (DGC) r a t h e r  t h a n  t h e  o f t e n  used s i n k - f l o a t  procedures .  
A s  w e  w i l l  show, DGC h a s  much more l a t i t u d e  f o r  s e p a r a t i o n  c o n t r o l  
and has  t h e  advantage  o f  s u p e r i o r  r e s o l u t i o n  i n  less t i m e  t h a n  pre- 
v i o u s  methods, e . g . ,  s i n k - f l o a t .  

Furthermore,  

L i t t l e  a t t e n t i o n  h a s  been g i v e n  t o  t h e  a c t u a l  procedures  f o r  

EXPERIMENTAL 

C o a l  Samples 

All coal samples  used  i n  t h i s  s t u d y  w e r e  o b t a i n e d  from t h e  
Pennsylvania  S t a t e  U n i v e r s i t y  d a t a  bank. 

Microscopic  A n a l y s i s  

P e t r o g r a p h i c  a n a l y s i s  of  t h e  f i n e  ground c o a l  w a s  performed i n  
b o t h  i n c i d e n t  b l u e  l i g h t  and w h i t e  l i g h t  a t  1200x. The e x i n i t e s  
a u t o f l u o r e s c e  i n  b l u e  l i g h t  making them more v i s i b l e .  S tandard  pro- 
c e d u r e s  w e r e  used f o r  mounting, p o l i s h i n g ,  and a n a l y z i n g  t h e  c o a l  
materials.  

Grinding 

The g r i n d i n g  o f  t h e  c o a l  w a s  performed i n  t w o  s t e p s .  I n i t i a l  
g r i n d i n g  of  t h e  c o a l  t o  below 200 Um p a r t i c l e  s i z e  w a s  performed 
u s i n g  a p l a n e t a r y  b a l l  m i l l .  T h e  r e s u l t a n t  ground coal from t h e  b a l l  
m i l l  was t h e n  used a s  a f e e d  f o r  f i n e  g r i n d i n g  i n  a S t u r t e v a n t  Micro- 
n i Z e r  f l u i d  energy  m i l l .  T h i s  t y p e  of  j e t  m i l l  h a s  no moving p a r t s ;  
t h e  c o a l  i s  f e d  i n t o  a h igh  v e l o c i t y  g a s  stream of  n i t r o g e n  moving i n  
a c i r c u l a r  p a t t e r n  where it s e l f - g r i n d s .  I n  a d d i t i o n ,  t h e  m i l l  i s  t o  
Some degree  s e l f - c l a s s i f y i n g ;  t h e r e f o r e ,  a narrow p a r t i c l e  s i z e  d i s -  
t r i b u t i o n  i s  produced.  

*This  work was performed under t h e  a u s p i c e s  o f  t h e  O f f i c e  of  Basic 
Energy S c i e n c e s ,  D i v i s i o n  o f  C h e m i c a l  S c i e n c e s ,  U.  S. Department of 
Energy. 
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In the case of PSOC-297 coal, one pass through the fluid energy 
mill produced particles which were <6 um in size. This size range 
gave particles which were largely homogeneous with respect to a given 
maceral. In the case of PSOC-124 coal, two passes through the mill, 
followed by demineralization, six freeze-thaw cycles between liquid 
nitrogen and 80°C, and then a final pass through the mill was required 
to reduce the particle size to <6 um. 

I Demineralization 

After fine grinding, the coal was demineralized chemically using 
L standard procedures(2). Both coals still had ~2.6% mineral matter 

present after chemical treatment. 

Density Gradient Centrifugation (DGC) 

DGC techniques were used for all separations. Linear density 
gradients were used throughout this work, and were pre-formed using a 
commercial density gradient former (ISCO, Model 380 or 382). Aqueous 
CsCl was used to form all gradients. The coal was dispersed with 
either Bri j@ 35 (polyoxyethylene-23-lauryl ether) or dodecyltrimethyl- 
ammonium salt (8 g/L) added to all solutions. Two separation systems 
were used: analytical DGC and preparative DGC. In the analytical 
mode, 5-50 mg of coal was dispersed into a low density solution by 
mild ultrasonic treatment, layered on a 40-45 ml gradient (~1.0 to 
1.5 g/cc), and then centrifuged at 12,000 rpm (%16,000 x 9) in a 
Beckman J-21C centrifuge for 30 minutes. After this period the cen- 
trifuge was stopped and the contents of each of the tubes were forced 
out with a dense chase solution of fluorinert@ FC-43. The contents 
leaving the centrifuge were then passed through an absorbance monitor 
and into a fraction collector. The density of each fraction was found 
by measuring its refractive index. 

Large scale amounts of coal (2-3 g )  were separated using a com- 
mercial zonal centrifuge rotor (Beckman, model JCF-2) which holds a 
1.6 L density gradient. After loading and centrifuging, the contents 
were again pumped out with the high density chase solution and col- 
lected in 30 ml fractions. Each fraction was filtered through a 1 um 
pore diameter nuclepore@ membrane filter. 
washed with both room temperature and hot water to remove CsCl and 
surfactant, dried in a vacuum at 8OoC and stored under nitrogen. 
Selected fractions were then microscopically analysed. 

plasma detector (Applied Chromatography Systems, model MPD850) 
equipped with a solid probe. 

The resultant residue was 

Atomic ratios for some fractions were measured using a microwave 

RESULTS AND DISCUSSION 

Two bituminous coals were used in this study, PSOC-297 and -124. 
PsOc-297 is a cannel-like coal, and PSOC-124 is a true cannel coal. 
The composition of these two coals is shown in Table I. These coals 
were chosen for their large inertinite and exinite concentrations; 
Psoc-297 was also interesting because of its high mineral matter con- 
tent. We expect that any separation difficulties with mineral matter 
would be most evident in this coal. 
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Scheme I shows the sequence of procedures used to obtain sepa- 
rated macerals. The first and one of the most important aspects in 
maceral separation is the grinding stage. The initial grinding step 
(using a planetary ball mill) 
size below 200 um, which is required for the feed to the fluid energy 
mill. The average particle size after grinding in the fluid energy 
mill is 2.6 urn, with 95% of the material below 6 pm. After grinding, 
the coal is demineralized. We have found that demineralization is a 
necessary step for the two coals investigated in order to achieve a 
good maceral separation. 

is necessary to reduce the particle 

The density gradient separations were carried out using a maxi- 
mum and minimum density of 1.5 and 1.0 g/cc, which encompasses the 
range of maceral densities. A l l  gradients were linear (by volume). 
CsCl was used to form the gradients because of its relative inertness 
to coal, convenience in handling, and maximum density of 1.9 g/cc. 
However, the hydrophobic nature of coal presented a problem in dis- 
persing the fine particles in a hydrophilic medium. In fact, very 
little maceral separation can be achieved without the use of surfac- 
tants to improve the dispersibility of the coal in CsCl solution. We 
tested three classes of surfactants: anionic, cationic, and nonionic, 
for their ability to disperse the two coals in aqueous density gradi- 
ents. Quaternary ammonium salts, particularly dodecyltrimethyl- 
ammonium bromide, and the nonionic Brij@ 35 (polyoxyethylene-23- 
lauryl ether) were found to im rove the wetting properties of the 
aqueous medium. 
has good solubility in aqueous CsC1, is readily available, and was 
found to be better than the quaternary ammonium salt in regard to the 
stability of the dispersion of PSOC-124. 

for the two coals. All densities are solution densities corrected to 
25OC. The absorbance scale can be taken as a measure of the relative 
amount of coal at a particular density, but the curves have not been 
normalized; thus direct comparison of yields per fraction between the 
two coals is not possible. As would be expected for such dissimilar 
coals, the curves are quite distinct and reflect at least crudely the 
proportion of the various maceral groups, with the exception of in- 
ertinite. From Dormans e t  a l .  ( 3 ) ,  we expect the densities for the 
various macerals to be: exinities %1.2, vitrinites %1.3, and inertin- 
ites %1.4 g/cc. It is interesting to note that the fractograms do 
not show peaks where inertinite is expected to appear. 

PSOC-297 and PSOC-124. The top curves in each set compare very well 
with the analytical runs. The lower graphs show the corresponding 
volume percent of the three maceral groups for selected fractions. 
It can be seen that for both coals many fractions are better than 90% 
Pure with respect to a maceral constituent. In the case of alginite 
many particles apparently split out of the coal as single entities 
during grinding and could be identified from other exinites by their 
morphology. The actual yield of alginite is probably higher but 
smaller particles were counted as alginite only if they exhibited the 
morphological characteristics of alginite. 

ingly exhibit high concentrations in more than one density region. 

However, Brijg 35 was used for all runs because it 

Figure 1 presents the combined results of analytical DGC runs 

Figures 2 and 3 show the results of preparative DGC runs on 

The inertinites present an interesting case because they seem- 
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T h i s  can  be seen  more c l e a r l y  i n  F i g u r e s  4 and 5 ,  where w e  have p l o t -  
t e d  t h e  d a t a  i n  a d i f f e r e n t  manner. The o r d i n a t e  i s  t h e  weight  o f  
c o a l  i n  each e q u a l  volume f r a c t i o n  c o l l e c t e d .  The p e r c e n t a g e  of each  
maceral i n  a d e n s i t y  f r a c t i o n  was m u l t i p l i e d  by t h e  weight  o f  t h a t  
f r a c t i o n .  The weight  of v i t r i n i t e  w a s  d i v i d e d  by 1 0  i n  F i g u r e  4 f o r  
convenience of p l o t t i n g .  W e  have n e g l e c t e d  t h e  d i f f e r e n c e  between 
v o l .  % and w t .  % because of  t h e  d i f f i c u l t y  o f  a c c u r a t e l y  c a l c u l a t i n g  
w t .  % from a volume d i s t r i b u t i o n .  Neglec t ing  t h e  d i f f e r e n c e  i n  v o l .  
and w t .  % only  a f f e c t s  t h e  r e s u l t s  where t h e r e  i s  a n  o v e r l a p  of t w o  
o r  more macera ls ,  b u t  n o t  s i g n i f i c a n t l y  enough t o  change t h e  o v e r a l l  
r e s u l t s .  Note t h a t  t h e r e  seems t o  be  m u l t i p l e  i n e r t i n i t e  peaks w i t h  
b o t h  coals. The r e a s o n  f o r  t h i s  b e h a v i o r  w a s  r e v e a l e d  by microscopic  
examinat ions,  which showed t h a t  t h e  l o w  d e n s i t y  i n e r t i n i t e  c o n s i s t e d  
of  m i c r i n i t e  p a r t i c l e s  bound t o  o t h e r  macerals. 

v i t r i n i t e s ,  whereas w i t h  PSOC-124 t h e  m i c r i n i t e  i s  bound o n l y  t o  
e x i n i t e .  I n  both  unground c o a l s  t h e  m i c r i n i t e  i s  h i g h l y  d i s p e r s e d  
throughout  t h e  c o a l  r a t h e r  t h a n  l o c a l i z e d  i n  d e f i n i t e  r e g i o n s ,  and 
t h u s  does n o t  s e e m  t o  s e l e c t i v e l y  s p l i t  o u t  o f  t h e  c o a l  on g r i n d i n g .  
For  PSOC-297 t h i s  d o e s  n o t  c o n s t i t u t e  a major  problem, b u t  fo r  PSOC- 
124 a l a r g e  f r a c t i o n  o f  t h e  i n e r t i n i t e  is  o b t a i n e d  as composi te  par -  
t i c les .  However, t h e s e  composi te  mater ia ls  p r e v e n t  us from s e e i n g  
t h e  t r u e  d i s t r i b u t i o n  of a p a r t i c u l a r  maceral, and t h e r e f o r e  w e  
modif ied our  count ing  procedure.  I f  t h e  c r o s s l i n e s  (of t h e  micro- 
scope)  f e l l  on a p a r t i c l e  which c o n t a i n e d  more t h a n  1 0 %  o f  a second 
maceral ,  then  w e  d e s c r i b e d  t h a t  maceral under  t h e  c r o s s l i n e s  a s  be ing  
bound. The error i n  such a count ing  procedure  i s  h i g h  ( % l o % ) ,  
e s p e c i a l l y  where t h e  m a c e r a l s  a r e  g e n e r a l l y  o f  a f i n e  n a t u r e ,  b u t  
f o r  o u r  purposes  t h e  error was n o t  a s e v e r e  problem. T h i s  procedure  
a l lows  u s  t o  e f f e c t i v e l y  e l i m i n a t e ,  a l b e i t  i n  a n  a r t i f i c i a l  manner, 
mixed maceral  p a r t i c l e s  and o n l y  o b s e r v e  t h e  d i s t r i b u t i o n s  o f  p u r e  
c o n s t i t u e n t s .  F i g u r e s  6 and 7 show t h i s  d a t a .  It is  an e a s y  t a s k  t o  
read  o f f  from F i g u r e s  6 and 7 t h e  macera l  d i s t r i b u t i o n  and d e n s i t y  
peaks. For PSOC-297 c o a l :  a l g i n i t e ,  1 . 0 6  g/cc; s p o r i n i t e ,  1 . 1 9  g/cc;  
v i t r i n i t e ,  1 .29 g/cc: and i n e r t i n i t e ,  1 .35 g /cc .  A l g i n i t e  c o n s t i t u t e s  
o n l y  2% o f  PSOC-297 and y e t  w e  ach ieved  a n  e x c e l l e n t  s e p a r a t i o n ,  which 
shows t h e  e f f e c t i v e n e s s  o f  t h e  d e n s i t y  g r a d i e n t  method. For  t h e  PSOC- 
124 s e p a r a t i o n ,  t h e  a l g i n i t e  w a s  p r e s e n t  as a s h o u l d e r  ( 1 . 0  t o  1.1 g /  
cc) on t h e  c o n c e n t r a t i o n  p r o f i l e  o f  t h e  e x i n i t e s  (see F i g u r e  3 1 ,  b u t  
w a s  n o t  counted because t h e  f l u o r e s c e n c e  was n o t  as  d i s t i n c t i v e  as i n  
t h e  case of PSOC-297. The e x i n i t e  d i s t r i b u t i o n  i n  F i g u r e  7 shows a 
r a t h e r  asymmetric shape.  W e  b e l i e v e  t h i s  asymmetry r e p r e s e n t s  t w o  
d i f f e r e n t  t y p e s  of e x i n i t e  m a t e r i a l ,  p o s s i b l y  d i f f e r e n t  s p o r e  t y p e s :  
one  showing h igher  f l u o r e s c e n c e  t h a n  t h e  o t h e r .  
d e n s i t y  o f  1 .25 g /cc  and i n e r t i n i t e ,  1 . 3 0  g /cc .  

t i o n s .  An almost l i n e a r  dependence o f  H/C on d e n s i t y  i s  e x h i b i t e d  i n  
t h e  e a r l y  f r a c t i o n s  (<1.35 g / c c ) ;  however, t h e  i n e r t i n i t e  f r a c t i o n s  
show l i t t l e  change. The H/C behavior  i n  t h e  e x i n i t e - v i t r i n i t e  r e g i o n  
may be  e x p l a i n e d  a c c o r d i n g  t o  Van K r e v e l e n ' s  c o r r e l a t i o n  between den- 
s i t y  and atomic r a t i o s  (1). However, w e  cannot  e x p l a i n  t h e  H/C inde-  
pendent  r e g i o n  (>1.35 g/cc)  a t  t h i s  t i m e .  

I n  t h e  c a s e  o f  PSOC-297 t h e  m i c r i n i t e  is  bound to e x i n i t e s  and 

V i t r i n i t e  has a peak 

F i g u r e  8 i s  a p l o t  o f  t h e  H/C and S/C f o r  s e l e c t e d  PSOC-297 f r a c -  
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CONCLUSIONS 

We f e e l  t h e  d e n s i t y  g r a d i e n t  technique  o f f e r s  s i g n i f i c a n t  advan- 
t a g e s  o v e r  p r e v i o u s  methods of  macera l  s e p a r a t i o n .  
r a p i d  method of  measur ing  t h e  o v e r a l l  d e n s i t y  r a n g e s  of t h e  v a r i o u s  
macera ls  and o f  s e p a r a t i n g  macera ls  having  any d e n s i t y  r a n g e  d e s i r e d .  
Of course, t h e  smaller t h e  f r a c t i o n  c u t s ,  t h e  l ess  c o a l  p e r  f r a c t i o n .  
Our c u r r e n t  f r a c t i o n s  range  between 0.007-0.010 g/cc. To o b t a i n  t h e  
same range u s i n g  s i n k - f l o a t  t e c h n i q u e s  would r e q u i r e  o v e r  40 s e p a r a t e  
s t a g e s .  A s  t h e  r e s u l t s  show, w e  have had good s u c c e s s  w i t h  PSOC-297 
and -124 coal samples  u s i n g  t h e  DGC t e c h n i q u e ,  a l though m i c r i n i t e  
p r e s e n t s  some problems.  I n  t h e  c a s e  of  PSOC-297, t h e  m i c r i n i t e  con- 
t r i b u t i o n  does  n o t  d r a s t i c a l l y  a f f e c t  t h e  m a t e r i a l  i n  which it i s  
mixed, e . g . ,  v i t r i n i t e  i s  s t i l l  over  90% pure .  I n  t h e  case of PSOC- 
1 2 4  much more e x i n i t e  m a t e r i a l  i s  contaminated by m i c r i n i t e  i n c l u s i o n ,  
undoubtedly because  o f  t h e  very  h i g h  m i c r i n i t e  c o n c e n t r a t i o n  i n i t i a l l y  
p r e s e n t .  

I t  p r o v i d e s  a 

Two i m p o r t a n t  p o i n t s  c a n  be  made from t h i s  s t u d y .  F i r s t ,  t h e  
broad d i s t r i b u t i o n  o f  d e n s i t i e s  for e x i n i t e  and i n e r t i n i t e  and t h e  
cor responding  large d r o p  i n  H/C ra t io  f o r  t h e  e x i n i t e s  s u g g e s t s  l a r g e  
changes i n  chemica l  s t r u c t u r e  mus t  be  o c c u r r i n g .  Thus, c a u t i o n  must 
be  used i n  s t u d y i n g  t h e  p r o p e r t i e s  of  e x i n i t e s  and i n e r t i n i t e s  t o  in- 
s u r e  t h a t  s t r u c t u r a l  i n f o r m a t i o n  i s  based  on narrow r a n g e  d e n s i t y  
f r a c t i o n s .  I n  f a c t ,  t h i s  i s  probably  why i n  t h e  p a s t  t h e  p r o p e r t i e s ,  
bo th  chemical  and p h y s i c a l ,  have much broader  l i m i t s  f o r  e x i n i t e s  and 
i n e r t i n i t e s ( 1 ) .  Second, t h e  d e n s i t y  r a n g e  f o r  v i t r i n i t e s  i s  r e l a -  
t i v e l y  narrow i n  b o t h  coals,  s u g g e s t i n g  t h a t  t h e  p r o p e r t i e s  of  v i t -  
r i n i t e  should  b e  g e n e r a l l y  less e r r a t i c  and t h e r e f o r e  c o n s i d e r a b l y  
more p r e d i c t a b l e .  
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TABLE I. C o m p o s i t i o n  D a t a  f o r  C o a l s  

PSOC-297 PSOC-124 

S p o r i n i t e  

Re  s i n  i t e  
C u t i n i t e  

A1 g i n i  te 
V i t r i n i t e  

M i m i n i t e a  

S e m i - f u s i n i t e  

F u s i n i t e  

1 6 . 4  

0 . 4  

0 . 4  

2 . 0  

6 3 . 0  

1 7 . 0  

0 . 8  

0 . 4  

5 1 . 7  

1 . 5  
1 . 7  

1 . 6  

1 4 . 6  

2 7 . 4  

1 .0  
0 . 4  

M.M ( w t .  %) 

% C  (dmmf) 

% H (dmmf) 

2 2 . 8  
8 2 . 1 7  

5 . 6 2  

1 0 . 7  

8 4 . 9 9  

7 . 2 0  

a I n c l u d e s :  m i c r i n i t e ,  i n e r t o d e t e r i n i t e ,  a n d  m a c r i n i t e .  

SCHEME I 

FIRST GRIND t FINE GRIND * DEMINERALIZE 
t o  < 2 0 0  urn t o  %3 urn HC1, HF 

DENSITY GRADIENT 
CENTRIFUGATION <---- 

1 . 0 - 1 . 5  g /cc  

ANALYTICAL DGC 
O p t i m i z e  conds. 

PREPARATIVE DGC 
Microscopic p u r i t y ,  
e tc .  

221 



I 

I I I I I I I 

4 
4 

Ln 
4 

9 
0 

c\zm 
w n 

222 



Figure 2. Preparative Density Gradient Separation and Maceral 
Analysis of PSOC-297. 
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F i g u r e  3 .  P r e p a r a t i v e  D e n s i t y  G r a d i e n t  S e p a r a t i o n  and Macera l  
A n a l y s i s  of PSOC-124. 
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F i g u r e  4 .  Amount of Each Macera l  Type i n  S e l e c t e d  D e n s i t y  F r a c t i o n s  
of PSOC-297. 

1.0 1.1 1.2 1.3 1.4 1.5 
DENS I TY(g/cc) 

F i g u r e  5.  Amount of Each Macera l  Type i n  S e l e c t e d  D e n s i t y  F r a c t i o n s  
of PSOC-124. 
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INTRODUCTION 

The ash content of coals is an important classical parameter for their 
eventual use as fuels, as feedstocks in liquefaction and gasification processes, 
and in metallurgical processes. For example, it is a fairly common procedure to 
blend various lots of coal to obtain a more constant ash content when it is used 
in coal-fired boilers and power plants. Among other parameters, the relative 
rate of combustion as well as the maximum combustion temperature of aqueous coal 
suspensions were found by Isaev and Delyagin(1) to be dependent on the ash 
content of coals used in the study. Other workers have noted that the content 
of ash and certain minerals in coal can affect the yields from gasifiers and 
liquefiers. 

of coal is simply to burn slowly a representative sample at elevated temperature 
in a muffle furnace. The method is simple, accurate, and reproducible; but 
requires a considerable amount of time in the laboratory. 

useful for estimating the mineral matter and ash contents of coal from the levels 
of the major inorganic elements present(2-7). For a variety of reasons, the use 
of elemental content for the estimation of ash or mineral matter in coals is 
considerably less exact than, for example, a somewhat similar approach for 
estimating BTU values(8-10). 

Recently, Loska and Gorski(11) and Block and Dams(12) have shown that a 
reasonable correlation exists between the ash content of coal and the silicon 
level determined by fast instrumental neutron activation analysis (FNAA) for 
Silesian and Belgian coals, respectively. They reported that best results 
came from a logarithmic correlation, % ash = a(% Si)b where a and b are constants. 
Their mean absolute error for estimation of ash content was about 1.8 % ash, or 
about 8 % relative error. 
absorption method for analyzing coals for many trace and minor-level elements by 
directly aspirating aqueous slurries of finely powdered coal into a conventicnal 
AA spectrometer(l3,14). 
desire to see if the slurry-injection atomic absorption spectrometry (SIAAS) 
method would provide a suitable and fast method for estimating the ash content 
of some typical U.S. bituminous coals simply from measurement of their silicon 
concentrations. Comparisons between simple linear plots and log-log plots of 
data were also of particular interest to us. 

for the correlation of the ash content of a number of eastern Kentucky, western 
KentuckylIllinois basin), and West Virginia coals with the silicon content as 
determined by slurry-injection atomic absorption(SIAAS), X-ray fluorescence(xm), 
and fast neutron activation analysis(FNAA1. 
with the % silicon and % ash data published by the Illinois State Geological 
SurveY(l5, 16) for a wider variety of coals. 

The conventional method for determining the percent high-temperature ash 

A number of approaches, and refinements thereof, have been reported to be 

We have recently developed a very rapid atomic 

Because A?i spectrometers are so common, it was our 

This paper reports the results and statistical analyses we have obtained 

In addition, results are compared 
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EXPERIMENTAL 

Coal samples were crushed, pulverized in a swing-mill, and sieved as 
previously described(l3). The high temperature ash values for coals used in 
this work are from standard 75OoC ASTM ashes (17). 

The percent silicon in about 20 coals was determined by Drs R. C. Young 
and W. D. Ehmann of the University of Kentucky Department of Chemistry Using 
E'NAA procedures described elsewhere(l8). These silicon contents from FNAA 
were considered to be benchmark values, and were used as standards to calibrate 
the signals from the XRF and AA spectrometers for determination of Si in these 
and other coals. The XRF and AA signals were then converted to values of % Si 
by XRF and % Si by slurry-= for the various coals. Subsequently, correlations 
of the % ash with the 8 Si obtained by the several instrumental techniques were 
compared. 

energy-dispersive spectrometer fitted with a rhodium target tube, and operated 
at 14 kV and 0.30 mA. Samples were run as powders and counted for 1000 seconds. 
Total and net fluorescence counts were acquired for the Si K photopeak (1.74 keV) 
For SIAAS determinations, coal samples were further ground and sieved by 
procedures already reported(l3). The final slurries aspirated into the burner 
were 1.5 % wt/vol solids in 0.5 % Triton X-100 surfactant. A 5-cm nitrous 
oxide/acetylene flame was used, and the analytical wavelength was 251.6 nm. 
The atomic absorption spectrometer employed was a Varian AA-6 whose standard 
tantalum nebulizer intake capillary had an inside diameter of 0.400 mm. 

X-ray fluorescence measurements were performed using a Finnigan 900B 

RESULTS AND DISCUSSION 

To summarize, our results show that a reasonably useful linear correlation 
can be made between the % high-temperature ash and the 8 Si for typical 
Appalachian and Illinois Basin bituminous coals. Figure 1 illustrates a plot 
for such a correlation involving % Si from SIAAS data for 24 arbitrarily chosen 
Kentucky and West Virginia coals which range from about 4% to 28% ash. The 
linear least squares line fit to the data (see Table I) has a correlation 
coefficient of 0.890; and the standard error of estimate(SEE), the root-mean- 
square deviation of the y-values for the straight line fit, is 2.4 % ash. 
Exemplified by Figure 2, similar correlations of % Si by XRF or FNAA vs. % Ash 
for the same coals result in a roughly similar appearance, but the fits are 
significantly better as seen by the SEE values of 1.73 and 1.71 in Table I. 

are somewhat less satisfying than those of Loska and Gorski(11) and of Block 
and Dams(12). In the latter cases, however, the plots are log-log and cover 
a considerably wider range of % ash (about 3% to 40%) !  Thus, the deviations 
from straight line fits appear to be less. But statistically, the fits are 
more or less equivalent. 

and West Virginia coals when the % Si is determined by a number of different 
instrumental methods. The correlations are all roughly comparable---similar 
slopes, intercepts, standard errors, and correlation coefficients---except 
for the fact that the fit is significantly worse with the simple SIAAS method 
for Si determination. This is understandable in view of the facts that SIAAS 
is not a highly accurate method, and, is somewhat affected by the varying matrix 
and different particle-size distributions from one coal to another(l3). Still, 
the median relative error in determining % Si by SIAAS is only 10 8 for these 
coals. 

The visual appearance of the linear plots such as shown in Figures 1 and 2 

Table I presents a comparison of the linear-least-squares fit for Kentucky 

The larger method errors inherent in SIAAS itself, relative to xRF or ~ A A ,  
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apparently add t o  some degree t o  the na tu ra l  unce r t a in t i e s  i n  the co r re l a t ion ,  
and decrease the  o v e r a l l  f i t .  However, i n i t i a l  s tud ie s  with a r ecen t ly  
developed acid-slurry-AA method(AS1AAS) for determining s i l i c o n ( l 9 )  have produced 
% ash-% S i  co r re l a t ions  comparable t o  those obtained from X R F  and FNAA data .  
In  t h i s  ASIAAS procedure,  powdered coal  is s l u r r i e d  with a r e l a t i v e l y  d i l u t e  acid 
mixture (HC1-HF-Triton X-100) f o r  a few minutes i n  an u l t r a son ic  bath.  Further 
r e s u l t s  w i l l  be reported a t  a later da t e .  
w e  found t h a t  r e l a t i v e  e r r o r s  of the worst  individual  cases seemed t o  be somewhat 
l a rge r  f o r  coa l s  with lower % ash. 

Correlat ions within a Rank of Type of Coal: Included i n  Table I a re  some 
r e s u l t s  f o r  similar co r re l a t ions  using d a t a  published by t h e  I l l i n o i s  Geological 
Survey(15,16) f o r  a g r e a t e r  number and wider range of coals.  These were studied 
i n  order t o  see  i f  s i g n i f i c a n t l y  b e t t e r  co r re l a t ions  could be obtained within one 
type o r  rank of coal  than seemed t o  be t h e  case with the  a r b i t r a r i l y  selected 
se t  o f  Kentucky and West Virginia  coal  samples w e  used. 
f i r s t  t o  f ind  the very poor co r re l a t ion  f o r  coals  from a s ing le  source.  For 
example, 15 Harrisburg(N0. 5) coals  exhibi ted a co r re l a t ion  coe f f i c i en t  of only 
0.417. Apparently, t h i s  is pr imari ly  a r e s u l t  of the r e s t r i c t e d  range of % ash 
values f o r  these coa l s .  However, it is  i n t e r e s t i n g  to  note t h a t  the standard 
e r r o r  of es t imate  (a more meaningful parameter) is ac tua l ly  b e t t e r  f o r  these than 
any other  set of coa l s .  
covering a wider range of ash values r e s u l t s  i n  b e t t e r  co r re l a t ions  and b e t t e r  
appearing p l o t s ( l 1 ) .  This notion was t e s t e d  by a r b i t r a r i l y  se l ec t ing  one coal  
within each 0.1 % S i  i n t e r v a l  from the 172 coals  analyzed by the  ISGS(15). The 
co r re l a t ion  ( l abe l l ed  "a rb i t r a ry"  i n  Table I) is about as good as any of the 
others .  

Similar t o  previous obse rva t ions ( l l , l 2 ) ,  

I t  w a s  d i s t r e s s i n g  a t  

The se l ec t ion  of coals  with more widely spaced % S i  values 

L i n e a r  versus Logarithmic Correlat ions:  Table I1 presents  the r e s u l t s  of 
l_ogarithmic co r re l a t ions  on the  same sets of coals  as i n  Table I ,  and compares 
these with previous f i n d i n g s ( l 1 , l Z ) .  On the whole, t h e  logarithmic co r re l a t ion  
coe f f i c i en t s  f o r  American coals  were s l i g h t l y  worse than those from the l i n e a r  
co r re l a t ions ,  and t h e r e  seems t o  be no p a r t i c u l a r  reason t o  p re fe r  t he  former 
over a simple l i n e a r  f i t .  The general  conclusion from the r e s u l t s  presented i n  
this work is  t h a t ,  r ega rd le s s  of the source o r  rank of the coa l  o r  t he  rapid 
method used to  measure the  s i l i c o n  content ,  t he  % ash o f  t yp ica l  American 
bituminous coals  can b e  estimated by simple l i n e a r  co r re l a t ions  to  within a 
standard absolute  e r r o r  of  about 1.7 % ash---approximately 10 % r e l a t i v e  e r ro r .  
This compares with a value of about 1.8 % ash absolute  e r r o r  f o r  S i l e s i an  
c o a l s ( l 1 ) .  and about 8.0 % r e l a t i v e  e r r o r  f o r  Belgian c o a l s ( l 2 ) .  
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FORMULAS FOR CALCULATING THE HEATING VALUE OF COAL AND COAL CHAR: DEVELOPMENT, 
TESTS AND USES 

D. M. Mason and K .  Gandhi 

I n s t i t u t e  of Gas Technology 
3424 S .  S t a t e  S t .  

Chicago, I l l i n o i s  60616 

The hea t ing  ( c a l o r i f i c )  value of c o a l  and char  is of g r e a t  importance i n  t h e  
conversion of coa l  t o  o t h e r  u s e f u l  forms of f u e l ,  as  w e l l  a s  i n  its d i r e c t  use.  
The s i g n i f i c a n c e  of the  c o r r e l a t i o n  of h e a t i n g  va lue  w i t h  composition i n  o r d i n a r y  
f u e l  usage is shown by t h e  development, a s  e a r l y  as 1940, of some 9 d i f f e r e n t  for -  
mulas f o r  c a l c u l a t i n g  h e a t i n g  value from t h e  u l t i m a t e  a n a l y s i s  and 11 formulas  f o r  
c a l c u l a t i n g  i t  from the  proximate a n a l y s i s  (1). 
formulas have been proposed w i t h i n  the  last t h r e e  years ( 2 , 3 , 4 ) .  The c o r r e l a t i o n  
i s  perhaps of even g r e a t e r  importance f o r  t h e  r a t i o n a l i z a t i o n  and modeling of con- 
vers ion  processes  now being developed. 

Three a d d i t i o n a l  u l t i m a t e  a n a l y s i s  

Our own work on t h i s  problem was c a r r i e d  out  f o r  a p r o j e c t  on p r e p a r a t i o n  of 
a "Coal Conversion Systems Technical  Data Book," 
of Energy and i t s  predecessors .  

supported by t h e  U.S. Department 

A d a t a  base ( inc luding  experimental  h e a t i n g  v a l u e s ,  u l t i m a t e  a n a l y s e s  and some 
o t h e r  parameters)  was e s t a b l i s h e d ,  c o n s i s t i n g  of 1 2 1  samples from t h e  Coal Research 
Sect ion of  Pennsylvania S ta te  Universi ty  ( 5 ) ,  and 681 samples analyzed by the  Bureau 
of Mines and reported i n  var ious  s t a t e  and Federa l  government p u b l i c a t i o n s  (6,7,8,9) .  
The Penn S t a t e  samples, represent ing  l a r g e  d e p o s i t s  of coal, had been s e l e c t e d  f o r  
t a b u l a t i o n  i n  the Data Book (10).  The d a t a  base covers  a wide range of  c o a l  f i e l d s  
of the United S t a t e s .  

Four formulas were s e l e c t e d  f o r  test .  They a r e  as fol lows:  

Dulong (1) 

Q = 145.44 C + 620.28 H + 40.5 S - 77.54 (0)  

Boie (11) 

Q = 

Grummel and Davis (1,121 

151.2 C + 499.77 H + 45.0 S - 47.7 (O)+ 27.0 N 

9 = [ ~~~~~~ + 424.621 [C/3 + H - ( 0 ) / 8  + s / 8 ]  

Mott and Spooner (1 ,13)  

Q = 144.54 C + 610.2 H + 40.5 S - 62.46 (0) ( 0 )  5 15% 

30 96(0)  
Q = 144.54 C + 610.2 H + 40.5 S - [65.88 - --"---](O) ( O ) >  15% (100-A) 
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In the  above, Q i s  t h e  gross  h e a t i n g  va lue  i n  Btu / lb  on t h e  dry b a s i s  and C ,  H ,  
S ,  (O), N ,  and A a r e  t h e  r e s p e c t i v e  c o n t e n t s  o i  carbon,  hydrogen, s u l f u r ,  oxygen, 
n i t r o g e n ,  and ash  i n  weight  p e r c e n t ,  a l s o  on the  dry  b a s i s .  

For a f a i r  test of t h e  formulas  on samples r e p r e s e n t i n g  commercial c o a l  we 
e l imina ted  samples wi th  more than  30% a s h ,  l e a v i n g  a t o t a l  of 775 samples i n  the  
d a t a  bank. R e s u l t s  of a p p l y i n g  t h e  s e v e r a l  formulas s e p a r a t e l y  t o  t h e  v a r i o u s  ranks 
of c o a l  and a l s o  t o  t h e  combined ( a l l  ranks)  d a t a  are presented  i n  Table  1. The 
b i a s  (average a l g e b r a i c  d i f f e r e n c e  between observed and c a l c u l a t e d  va lues)  and t h e  
s tandard  d e v i a t i o n  a f t e r  c o r r e c t i o n  f o r  t h e  b i a s  are t h e  most s i g n i f i c a n t  c r i t e r i a .  
For  most of t h e  formulas  t h e r e  are l a r g e  d i f f e r e n c e s  i n  b i a s  among d i f f e r e n t  ranks 
of c o a l ,  s o  w e  have c a l c u l a t e d  s tandard  d e v i a t i o n s  f o r  each rank a f t e r  c o r r e c t i n g  
f o r  t h e  b i a s  shown f o r  t h a t  rank.  The s tandard  d e v i a t i o n  i s  a l s o  g iven  wi th  
a p p l i c a t i o n  of a b i a s  c o r r e c t i o n  averaged over  a l l  ranks .  Note t h a t  t h e  often-used 
Dulong formula has  a s u b s t a n t i a l  b i a s  f o r  a l l  ranks,  b u t  of o p p o s i t e  s i g n  f o r  low- 
rank c o a l s  compared w i t h  bituminous and a n t h r a c i t e  c o a l s .  Thus t h e  o v e r a l l  b i a s  
is low, but  no advantage is gained by i t s  a p p l i c a t i o n .  A l s o  n o t e  t h a t  a l though 
r e s u l t s  from t h e  Boie e q u a t i o n  have t h e  h i g h e s t  b i a s  of any, a f t e r  a p p l i c a t i o n  of 
an o v e r a l l  b i a s  c o r r e c t i o n  t h e  r e s u l t s  a r e  among t h e  b e s t .  

I n  a d d i t i o n  t o  c a l c u l a t i o n  wi th  t h e  formulas p e r  se, we a l s o  c a l c u l a t e d  hea t ing  
va lues  by use of Given and Yarzab 's  modified Par r  equat ion  f o r  minera l  mat te r  conten t ,  
and t h e i r  c o r r e c t i o n s  t o  o b t a i n  carbon, hydrogen, s u l f u r  and oxygen on a mineral- 
mat te r - f ree  b a s i s  ( 1 4 ) .  This  c a l c u l a t i o n  r e q u i r e s  va lues  f o r  p y r i t i c  s u l f u r  t h a t  
were n o t  a v a i l a b l e  f o r  some of t h e  samples. Kesul t s  obtained wi th  the  modified Mott- 
Spooner equat ions  on 646 sar iples  having p y r i t i c  s u l f u r  conten ts  a r e  a l s o  shown i n  
Table 1; r e s u l t s  from o t h e r  formulas were improved, b u t  the  Mott-Spooner equat ion 
gave t h e  b e s t  r e s u l t s .  D e t a i l s  of t h i s  c a l c u l a t i o n  and f u l l  r e s u l t s  a r e  reported 
elsewhere (15) .  

The d a t a  bank was a l s o  subjec ted  t o  a l e a s t  squares  r e g r e s s i o n  a n a l y s i s .  Carbon, 
hydrogen, s u l f u r ,  a s h ,  and oxygen terms were s i g n i f i c a n t ;  n i t r o g e n  and cross  and 
square  terms were n o t .  To avoid  t h e  implied n e c e s s i t y  of determining n i t r o g e n ,  we 
adopted an oxygen-plus-ni t rogen term. 
a s  t h e  Data Book Equat ion ,  was a s  fo l lows:  

The r e s u l t i n g  equat ion ,  which we  r e f e r  t o  here  

Q = 146.58 C + 568.78 H + 29.4 S - 6.58 A - 51.53 (0 + N) 5 4  

When 100- C-H-S-A i s  s u b s t i t u t e d  f o r  O+N, a n  e q u i v a l e n t  form is obta ined:  

Q = 198.11 C + 620.31 H + 80.93 S + 44.95 A - 5153 5b ) 

R e s u l t s  from t h i s  new formula a r e  a l s o  shown i n  Table 1. The b i a s  f o r  d i f f e r e n t  ranks 
of c o a l  ranges only  from -45 B t u / l b  on l i g n i t e  t o  1 3  B t u / l b  on subbituminous c o a l  and 
does not  show a t rend  w i t h  rank.  The s tandard  d e v i a t i o n  i s  s i g n i f i c a n t l y  l e s s  than 
those  of t h e  o t h e r  unmodified formulas ,  even a f t e r  improving t h e s e  by a b i a s  correc-  
t i o n .  The new formula h a s  about  t h e  same accuracy a s  the  Mott-Spooner with modified 
P a r r  c o r r e c t i o n s ,  bu t  t h e  l a t t e r  i s  more complicated and r e q u i r e s  p y r i t i c  s u l f u r  de- 
te rmina t ion .  

The e f f e c t  of  ash  c o n t e n t  on t h e  accuracy and p r e c i s i o n  of t h e  formula was in- 
v e s t i g a t e d ,  wi th  t h e  r e s u l t s  shown i n  Table 2.  For t h i s  test ,  t h e  formula w a s  a l s o  
a p p l i e d  to t h e  2 7  high-ash samples t h a t  had been removed from t h e  d a t a  bank. 
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Table 1. TEST OF FORMULAS FOR CALCULATION OF HEATING VALUE 

Standard Dev ia t ion  

Average Before A f t e r  A f t e r  Over- 
No. of Absolute  Bias Rank B ias  all Bias** 
Samples Deviat ion Cor rec t ion  Cor rec t ion  Cor rec t ion  

B tu / lb  
Dulong 

Anthrac i t e  

Bituminous 

Subbituminous 

L i g n i t e  

A l l  Ranks 

Boie __ 
Anthrac i t e  

Bituminous 

Subbituminous 

L i g n i t e  

A l l  Ranks 

Grummel and Davis 

An th rac i t e  

Bituminous 

Subbituminous 

L ign i t e  

A l l  Ranks 

Mott and Spooner 

An th rac i t e  

Bituminous 

Subbituminous 

L i g n i t e  

A l l  Ranks 

4 0  

406 

130 

14 9 

775 

40  

406 

1 8 0  

1 4 9  

775 

40  

406 

1 8 0  

14  9 

775 

40 

406 

1 8 0  

149 

775 

Mott & Spooner, 
Modified Pa r r  Basis  

A l l  Ranks 646 

New Formula 

An th rac i t e  40 

Bituminous 406 

Subbituminous 1 8 0  

L i g n i t e  1 4 9  

A l l  Ranks 7 7 5  

137 

1 8 1  

174 

218 

184 

400 

253 

217 

301 

262 

107 

164 

1 3 0  

127 

146 

84 

160 

113 

124 

138 

1 0 6  

7 3  

9 0  

1 0 3  

96 

9 3  

-123 

-138 

127 

1 7 4  

-15 

-400 

-248 

-207 

-298 

-256 

7 9  

-128 

46 

39 

-44 

-56 

-134 

- 3 1  

-85 

-96 

42 

-14 

1 0  

1 3  

-45 

0 

157 

2 2 1  

213 

255 

223 

417 

279 

249 

330 

2 9 1  

1 3 4  

208 

1 6  8 

171 

1 8 9  

107 

197 

1 5 2  

170 

1 7 8  

- 

93 

124 

1 4 0  

137 

1 2 9  

* Average observed v a l u e  - average c a l c u l a t e d  v a l u e  
** Bias obtained over  a l l  r anks  

97 

1 7 3  

1 7 0  

1 8 5  
- 

100 

1 2 9  

1 3 8  

138 
- 

1 0 6  

1 6 4  

1 6 1  

1 6  7 
- 

9 1  

1 4 4  

1 4  9 

147 
- 

- 

9 2  

1 2  3 

1 3 9  

1 2 9  

1 2 9  
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146 

212 

222 

266 

222 

17 7 

129 

146 

145 

1 3  9 

165 

184 

185 

187 

184 

100 

149 

162 

147 

150 

1 3 2  

9 3  

1 2 4  

1 4 0  

1 3  7 

1 2 9  



Table 2. EFFECT OF ASH CONTENT ON THE CALCULA'I'ION OF HEATING VALUE 

Ash Content ,  Number of Avg. Absolute Standard 
W t  % Samples Dif fe rence  Bias* Deviat ion -- 
0-10 

10-20 
20- 30 

> 30 

394 
320 

6 1  
27  

82 
104 
1 1 2  
155 

6 113 
-15 144 

26  141 
20 211 

* 
Average of observed minus average  of c a l c u l a t e d  v a l u e s  

The absence of s i g n i f i c a n t  b i a s ,  h e r e  and among d i f f e r e n t  ranks of c o a l ,  indi-  
cates t h a t  no improvement by change i n  t h e  formula appears  p o s s i b l e  a s  long as  i t  
i s  based on u l t i m a t e  a n a l y s i s  onlv.  The increase  of t h e  s tandard  d e v i a t i o n  with 
a s h  conten t  can b e  a t t r i b u t e d  t o  t h e  e f f e c t s  of d i f f e r i n g  r a t i o s  of minera l  mat ter  
t o  a s h ,  and d i f f e r i n g  c o n t r i b u t i o n s  of t h e  minera l  matter t o  determined carbon and 
hydrogen c o n t e n t s .  
var iance  i s  l i n e a r  w i t h  a s h  conten t  i n d i c a t e d  t h a t  t h e  var iance  i n c r e a s e s  by 4 / 2  
( B t u / l b ) z  per  p e r c e n t  of  ash ,  and t h a t  t h e  s tandard  d e v i a t i o n  on ash- f ree  samples 
would be 106 Btu / lb .  

A computer a n a l y s i s  of  t h e  d a t a  i n  which i t  was assumed t h a t  the  

I t  i s  of i n t e r e s t  t o  determine whether the remaining var iance  can a c t u a l l y  be 
a t t r i b u t e d  to  t h e  l a b o r a t o r y  de te rmina t ions .  The l a t t e r  can be es t imated  according 
t o  - 

Var (exp) = Var Q + 198.11' Var C + 62U.312 Var H 

+ 80.932 Var s + 44.95' Var A 6) 

where Var Q ,  Var C ,  e t c . ,  a r e  v a r i a n c e s  of t h e  r e s p e c t i v e  de te rmina t ions .  Some 
p r e c i s i o n  da ta  have become a v a i l a b l e  from t h e  HYGASO program a t  IGT,  which can be 
used  f o r  a t e s t .  

Sources of v a r i a n c e  of t h e  experimental  de te rmina t ions  need t o  be considered f o r  
t h e  purpose a t  hand. The h e a t i n g  va lue  and t h e  a n a l y t i c a l  de te rmina t ions  (carbon, 
hydrogen, s u l f u r ,  and a s h )  a r e  a l l  run on  a sample of c o a l  (or char )  thdL has  been 
ground f i n e r  than  60-mesh s i e v e  s i z e .  Thus, t h e  v a r i a n c e  from sampling of the  coarse  
sample submit ted t o  t h e  l a b o r a t o r y  i s  not  of concern. I f  t h e  moisture  content  does 
not  change during a l l  o f  t h e  sample withdrawals  f o r  t h e  var ious  de te rmina t ions ,  no 
var iance  i s  c o n t r i b u t e d  by t h e  moisture  de te rmina t ion;  however, i f  s e v e r a l  days 
e l a p s e  between h e a t i n g  va lue  and carbon-hydrogen de termina t ions ,  a c o n t r i b u t i o n  from 
t h i s  source is l i k e l y ,  e i t h e r  from t h e  change i n  mois ture  o r  from t h e  var iance  of i t s  
rede termina t ion .  Var iance  can a l s o  be cont r ibu ted  by day-to-day v a r i a t i o n s  i n  equip- 
ment and o p e r a t o r ;  t h u s  rede termina t ion  on t h e  same day would not  s e r v e  t h e  purpose. 
Ins tead ,  our  procedure  c o n s i s t e d  of resubmi t t ing  from t ime t o  t i m e  a number of ground 
samples of coa l  ( i n  t h e  same 4-02 b o t t l e s  a s  o r i g i n a l l y  sampled from) f o r  redetermi-  
n a t i o n  of mois ture ,  h e a t i n g  v a l u e ,  carbon,  hydrogen, s u l f u r ,  and ash .  Each repor ted  
va lue  f o r  carbon, hydrogen, a s h ,  and h e a t i n g  va lue  i s  t h e  average of two determi- 
n a t i o n s  run  a t  t h e  same t ime;  f o r  s u l f u r  only one de te rmina t ion  is made. Completion 
of  t h e  d u p l i c a t e  a n a l y s i s  ranged from 9 t o  46 days a f t e r  completion of t h e  r o u t i n e  
a n a l y s i s .  S l i g h t  average  changes i n  v a l u e s  from t h e  o r i g i n a l  a n a l y s i s  to  t h e  dupl i -  
c a t e ,  such as  an average  decrease  i n  h e a t i n g  va lue  of 1 3  Btu / lb ,  occur red ;  t h e  
s tandard  d e v i a t i o n s  were c a l c u l a t e d  both  wi th  and wi thout  c o r r e c t i o n  f o r  t h i s  b i a s .  

The d u p l i c a t e  d i f f e r e n c e s  from t h i s  program were examined f o r  o u t l i e r s .  Three 
s u l f u r ,  one a s h  and one  h e a t i n g  va lue ,  a l l  wi th  d i f f e r e n c e s  between d u p l i c a t e s  
g r e a t e r  than 3.8 J2 u, were d iscarded .  
d i f f e r e n c e  of 2.8 J2 a ,  and a l s o  having a d i f f e r e n c e  between observed and ca lcu la ted  
v a l u e s  of 3.5 a was a l s o  d iscarded .  
s e n t e d  i n  Table 3. 

I n  a d d i t i o n ,  a heat ing  v a l u e  w i t h  a d u p l i c a t e  

The a n a l y s i s  of t h e  remaining d a t a  i S  pre- 
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The var iance  c o n t r i b u t e d  t o  t h e  d i f f e r e n c e  between observed and c a l c u l a t e d  
h e a t i n g  va lues  by t h e  var iance  of t h e  exper imenta l  de te rmina t ions  can now be calcu-  
l a t e d  according t o  Equation 6. 
(Table 3)  y i e l d s  t h e  v a l u e  64 Btu / lb  as t h e  expected 0. This  r e p r e s e n t s  77% of  
the  v a r i a n c e  found f o r  a l a r g e  set of r o u t i n e  HYGAS d a t a  on r a w  bi tuminous c o a l  
d i scussed  l a t e r  i n  t h i s  paper .  The remainder of t h e  v a r i a n c e  can be a t t r i b u t e d  
t o  t h e  e f f e c t  of o u t l y i n g  labora tory  de te rmina t ions ,  and t h e  e f f e c t  of minera l  
mat te r  . 

The s tandard  d e v i a t i o n s  a f t e r  b i a s  c o r r e c t i o n s  

Table  3. SUMMARY OF HYGAS REPEATMILITY DATA 
1 

Standard Deviation** 
No. of 'Average Before Bias  Af te r  Bias 

Duplicates  Value Bias* Correc t ion  Correc t ion  

B t u l l b  

W t  % 
Heating Value 56 11680 13 29 2 7  

Carbon 4 1  64.07 0.037 0.25  0.24 

Hydrogen 41 4.52 0.028 0.051 0,051 

S u l t u r  5 5  4.39 -0.011 0.084 0.086 

Ash 40 16.77 0.037 0.14 0.14 

* 
** 

Orig ina l  minus d u p l i c a t e  

Of repor ted  va lues ,  each t h e  average of two de termina t ions  run a t  
t h e  same t i m e ,  except  s i n g l e  de te rmina t ions  f o r  s u l f u r .  

TEST AND USES 

Data f o r  t e s t i n g  of t h e  new formula were s o l i c i t e d  from o u t s i d e  l a b o r a t o r i e s .  
R e s u l t s  from two l a b o r a t o r i e s  presented  i n  Table  4 show good p r e c i s i o n ,  b u t  t h e  
l a r g e  b i a s  va lues  suggest  t h e  presence of sys temat ic  e r r o r  o r  d i f f e r e n c e  from t h e  
o r i g i n a l  d a t a .  

Resul t s  from a t h i r d  l a b o r a t o r y  i l l u s t r a t e  an important  u s e  of t h e  formula. The 
experimental  d a t a  covered a per iod  of s e v e r a l  y e a r s  and were furn ished  i n  t h e  sequence 
i n  which they were obta ined  by t h e  l a b o r a t o r y .  
over  35% ash  o r  less than 3% oxygen, because t h e  l a t te r  are l i k e l y  t o  be  chars .  On 
t h e  remaining da ta ,  t h e  s tandard  d e v i a t i o n s  obta ined  from consecut ive sets of 50 
samples a r e  shown i n  Figure 1. On the  f i r s t  650 samples t h e  b i a s  was 32 Btu / lb  and 
t h e  s tandard devia t ion  was 136 Btu / lb ,  i n  good agreement wi th  r e s u l t s  on t h e  o r i g i n a l  
d a t a  bank. On subsequent samples t h e  r e s u l t s  i n d i c a t e  a s u b s t a n t i a l  d e t e r i o r a t i o n  i n  
l a b o r a t o r y  prec is ion .  Thus, a c o n t r o l  c h a r t  of t h i s  kind can s e r v e  a s  a monitor of 
l a b o r a t o r y  performance. Also, t h e  d i f f e r e n c e  between observed and c a l c u l a t e d  hea t ing  
v a l u e s  on an i n d i v i d u a l  sample can be used by t h e  l a b o r a t o r y  superv isor  as a c r i t e r i o n  
of a c c e p t a b i l i t y  of t h e  h e a t i n g  v a l u e  and carbon-hydrogen de termina t ions .  
d i f f e r e n c e  is less s e n s i t i v e  t o  t h e  s u l f u r  and a s h  va lues .  

W e  e l imina ted  a few samples having 
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Another important  u s e  of a h e a t i n g  va lue  formula is i n  computer modeling of coa l  
conversion processes .  
char  ob ta ined  a t  IGT under t h e  HYGAS p i l o t  p l a n t  program were analyzed f o r  t h i s  pur- 
pose. In  t h e  HYGAS process ,  non-agglomerating c o a l s  a r e  d r i e d  b u t  a r e  not  otherwise 
p r e t r e a t e d .  
d e s t r o y  t h e i r  agglomerat ing p r o p e r t i e s .  The r e s u l t i n g  product  i s  r e f e r r e d  t o  here  a s  
" p r e t r e a t e d  coal"  r a t h e r  than "char". Samples r e f e r r e d  t o  as "chars"  a r e  from later 
in te rmedia te  s t a g e s  o r  are spent  ( res idue)  char .  Ash i n  t h e  spent  char  from the  runs 
on bituminous c o a l  averaged 36X, but  ranged up t o  about 85%. To augment t h e  d a t a  from 
r u n s  on subbituminous and  l i g n i t e  c o a l s ,  w e  have added some samples taken from streams 
t h a t  conta in  feed  c o a l  i n  a d d i t i o n  t o  c h a r ,  such as t h e  d u s t  c o l l e c t e d  by a cyclone i n  
t h e  r e a c t o r  product  gas  stream. Resul t s  a r e  presented  i n  Table 5 ,  toge ther  with those 
obta ined  on t h e  o r i g i n a l  d a t a  bank. 

Data on h e a t i n g  va lue  and composition of samples of coa l  and 

Bituminous c o a l s  a r e  p r e t r e a t e d  a t  t empera tures  of 750°F t o  800'F t o  

'The most important  c r i t e r i o n  f o r  use of a h e a t i n g  v a l u e  formula i n  a computer 
model of a c o a l  convers ion  process  is t h e  b i a s  o r  average d i f f e r e n c e  between observed 
and c a l c u l a t e d  v a l u e s ,  because i t  shows how c l o s e l y  t h e  formula r e p r e s e n t s  the  prop- 
e r t i e s  of t h e  c o a l .  On t h e  294 samples of r a w  ( u n t r e a t e d )  bituminous c o a l s ,  t h e  
c a l c u l a t e d  v a l u e s  a r e ,  o n  t h e  average,  18 Btu/ lb  l e s s  than the observed values .  This  
d i f f e r s  by only 8 Btu / lb  from t h e  value found on t h e  406 samples of bituminous coa l  
i n  t h e  o r i g i n a l  d a t a  bank. There i s  only about a 20 percent  chance t h a t  t h e  d i f f e r -  
ence is s i g n i f i c a n t ;  i f  s o ,  i t  can  be a t t r i b u t e d  t o  a s l i g h t l y  lower ash  content  
ob ta ined  a t  I G T ,  because a t  IGT t h e  amount of s u l f u r  t r i o x i d e  i n  a s h  is r o u t i n e l y  
determined and deducted from the  repor ted  ash .  Ash as cus tomar i ly  determined i s  
l i k e l y  t o  c o n t a i n  small amounts of  s u l f u r  t r i o x i d e .  

The s tandard  d e v i a t i o n  shown f o r  these  coa l  samples is s u b s t a n t i a l l y  less than 
w a s  found on the  bi tuminous c o a l s  of the  o r i g i n a l  d a t a  bank. The d i f f e r e n c e  may be 
a r e s u l t  of  t h e  l i m i t e d  range of source of t h e  HYGAS samples: a l l  were from the  
I l l i n o i s  N o .  6 seam and 95% were from a s i n g l e  mine; t h e  ash  conten t  averaged 10.7L. 
(The samples from the  r e p e a t a b i l i t y  s e t  of d a t a  had h igher  ash,  averaging about  17%). 

On p r e t r e a t e d  bi tuminous c o a l  t h e  c a l c u l a t e d  v a l u e s  a r e ,  on  t h e  average,  157 Btu l lb  
lower than t h e  observed v a l u e s .  The Data Book formula i s  thus  u n s a t i s f a c t o r y  f o r  use 
i n  a computer model a p p l i e d  t o  t h i s  m a t e r i a l ;  f o r  such use  a b i a s  c o r r e c t i o n  can be 
a p p l i e d  o r  a formula c a n  be obtained by r e g r e s s i o n  a n a l y s i s  of the  p r e t r e a t e d  c o a l  
d a t a .  The d i f f e r e n c e  i n  b i a s  between t h e  parent  and p r e t r e a t e d  c o a l ,  139 Btu / lb ,  can 
b e  a t t r i b u t e d  t o  a d i f f e r e n c e  i n  s t r u c t u r e  (bonding);  t h e  formula has  a l r e a d y  taken 
i n t o  account d i f f e r e n c e s  i n  e lementa l  composition. Such d i f f e r e n c e s  in  s t r u c t u r e  
i n c l u d e  e f f e c t s  of i n c o r p o r a t i o n  of  oxygen i n  a d i f f e r e n t  form from t h a t  o r d i n a r i l y  
p r e s e n t .  I n  o t h e r  p r o c e s s e s  t h e  d i f f e r e n c e  i n  b i a s  may be g r e a t e r  o r  less,  depend- 
i n g  on process ing  c o n d i t i o n s  such  as temperature  and presence o r  absence of oxygen; 
i n  t h e  HYGAS process  t h e  d i f f e r e n c e  i s  reduced t o  about 40 Btu / lb  a t  t h e  s t a g e  where 
t h e  temperature  reaches  about  1200°F. 

on t h e  average,  on ly  28 B t u / l b  less than the  observed v a l u e s ;  t h e  d i f f e r e n c e  i s  of 
about  the same o r d e r  f o r  c h a r s  from subbituminous c o a l  and l i g n i t e .  
formula could be o b t a i n e d  f o r  t h e  chars  from t h e  bituminous c o a l ,  bu t  t h e  Data Book 
formula should be  adequate  f o r  most p r a c t i c a l  purposes;  t h e  accuracy should be judged 
according t o  u n i t  weight of c o a l  feed r a t h e r  than u n i t  weight of char .  

On the set of  samples  of  char  from bi tuminous c o a l s  t h e  c a l c u l a t e d  va lues  a r e ,  

A more accura te  

C O N C L U S I O N S  

A new f ive- term formula f o r  c a l c u l a t i n g  t h e  h e a t i n g  va lue  of coa l  from i ts  car-  
bon, hydrogen, s u l f u r  a n d  ash  conten t  w a s  ob ta ined  by r e g r e s s i o n  a n a l y s i s  of d a t a  on 
775 s a m p l e s  of U. S. c o a l s  of  a l l  ranks. The s tandard  d e v i a t i o n  of t h e  c a l c u l a t e d  
va lue  from t h e  observed v a l u e  was 129 Btu / lb ,  compared t o  apparent  s tandard  devia t ions  
ranging from 1 7 8  t o  229 B t u / l b  obtained from the Dulong, Boie, Grummel and Davis, 
and Matt and Spooner formulas .  An a n a l y s i s  of t h e  v a r i a n c e  of t h e  d i f f e r e n c e  between 
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Table 5. TEST ON HYGAS ROUTINE SAMPLES OF THE DATA BOOK FOKMULA 
FOR CALCULATION OF HEATING VALUE 

No. of 
Standard Deviat ion 

Before Bias Af te r  Bias 

\ HYGAS Data Bank 
Samples Uiasd Cor rec t ion  Correct ion 

B tu f lb  

Bituminous Coala 

Raw Coal 294 1 8  73 71 
P re t r ea t ed  Coal 572 157 174 76 
Chars 

F i r s t  Stage Hydrogas i f i ca t ion  105 58 9 8  79 
Second Stage Hydrogas i f i ca t ion  106 2 106 106 
Spent Char 5 70 28 97 Y2 
A l l  Char 781 28 98 94 

Subbituminous Coalb 

Coal 
Chars 
Mixtures of Coal and Char 

Lignite'  

Chars 
Mixtures of  Coal and Char 

49 -47 69 
80 15 59 
66 15 55 

80 34 78 
44 12 88 

2 1  
57 
5 3  

7 7  
7 1  

Orig ina l  Data Bank 

Bituminous Coal 406 10 124 124 
Subbituminous Coal 180 1 3  140 140 
L i g n i t e  149 -45 137 137 
A l l  Samples, Inc lud ing  A n t h r a c i t e  775 0 129 1 2 9  

a From I l l i n o i s  No. 6 seam. About 1/8 of t h e  samples were from runs  on hvBb 
c o a l  from Sa l ine  County, and t h e  remainder from runs  on hvCb c o a l  from C h r i s t i a n  
County. 

From the Rosebud Seam, Rosebud County, Montana. 

From the Savage Mine, Richland County, Montana. 

Average observed v a l u e  minus average c a l c u l a t e d  value.  
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observed and c a l c u l a t e d  v a l u e s  obta ined  w i t h  t h e  new formula on IGT c o a l  d a t a  
i n d i c a t e d  t h a t  a t  l e a s t  77% i s  c o n t r i b u t e d  by t h e  v a r i a n c e  of  t h e  experimental  deter-  
minat ions;  the  remainder can be a t t r i b u t e d  t o  t h e  e f f e c t  of minera l  m a t t e r  and out- 
l y i n g  experimental  de te rmina t ions .  

Applicat ion of t h e  formula to  c o a l  o x i d a t i v e l y  p r e t r e a t e d  a t  750°F t o  800°F t o  
des t roy  agglomerat ing p r o p e r t i e s  y i e l d s  a b i a s  i n d i c a t i n g  t h a t  i ts h e a t  of formation 
is higher  than expected f rom e lementa l  and ash composi t ion by about  140 Btu/ lb ;  t h i s  
i s  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  s t r u c t u r e  (bonding) of t h e  p r e t r e a t e d  c o a l i n  comparison 
to unpre t rea ted  c o a l .  The formula g ives  s a t i s f a c t o r y  r e s u l t s  on h igher  temperature 
HYGAS c h a r s ,  and, wi th  a p p l i c a t i o n  of a b i a s  c o r r e c t i o n ,  on p r e t r e a t e d  c o a l  

Thus, the  formula is advantageous f o r  use i n  t h e  compvtei- model l ing of coal  con- 
vers ion  processes  and f o r  monitor ing test d a t a  on c o a l  and char .  
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COAL CHARACTERIZATION RESEARCH: SAMPLE SELECTION, PREPARATION, AND ANALYSES 

R .  C .  Neavel, E. J. Hippo, S. E. Smith, R .  N. M i l l e r  

Exxon Research and Engineer ing Company P.O. Box 4255 Baytown, Tx. 77520 

INTRODUCTION 

There are few procedures a v a i l a b l e  t o  p r e d i c t  process responses o r  t o  assess 
t h e  r e l a t i v e  va lues o f  c o a l s  from fundamental coa l  p r o p e r t i e s .  Therefore, a I 
comprehensive coa l  c h a r a c t e r i z a t i o n  program has been es tab l i shed  a t  Exxon Research 
and Engineer ing Company, Baytown, Texas t o  eva lua te  coa ls  as process feedstocks. 
The o b j e c t i v e  o f  t h i s  program i s  t o  r e l a t e  fundamental coal p r o p e r t i e s  and process 
response p a t t e r n s  by ana lyz ing  and t e s t i n g  a l a r g e  s u i t e  o f  U. S. coa l  samples. 

This r e p o r t  d e f i n e s  the t e c h n i c a l  r a t i o n a l e  behind the  coa l  c h a r a c t e r i z a t i o n  
program and descr ibes t h e  procedures used i n  t h e  s e l e c t i o n ,  preparat ion,  and 
t e s t i n g  o f  t h e  coa l  l i b r a r y  samples. 

I 

I 

RATIONAL APPROACH TO COAL CHARACTERIZATION 

The p r i n c i p l e  goal  o f  a coa l  c h a r a c t e r i z a t i o n  research program should be t o  
develop procedures t h a t  d e f i n e  t h e  minimal t e s t i n g  reou i red  t o  eva lua te  coals  as 
process feedstocks.  The a l t e r n a t i v e s  a v a i l a b l e  a re  ( 1 )  t o  t e s t  any 'unknown' coa l  
( coa l  X )  e m p i r i c a l l y  i n  a commercial o r  sma l l - sca le  process o r  ( 2 )  t o  develop 
i n f o r m a t i o n  about t h e  fundamental r e l a t i o n s h i p s  between coal  p r o p e r t i e s  and process 
responses, and t o  use t h i s  i n f o r m a t i o n  and approp r ia te  analyses o f  coal X t o  
p r e d i c t  i t s  response. 

The e m p i r i c a l  t e c h n i q u e  i s  d i r e c t  and p r o v i d e s  an u n e q u i v o c a b l e  answer 
about the  response o f  t h e  t e s t e d  sample. The r e s u l t s ,  however, cannot be ex t rap -  
o l a t e d  t o  o t h e r  samples w i t h  d i f f e r e n t  c h a r a c t e r i s t i c s .  T h i s  i s  p a r t i c u l a r l y  
c r i t i c a l  du r ing  e x p l o r a t i o n  proqrams where t h e  coa l  c h a r a c t e r i s t i c s  may chanqe 
s i g n i f i c a n t l y  over  t h e  areas be ing  evaluated.  Thouqh development o f  fundamental 
understanding i s  more d i f f i c u l t ,  i t  p rov ides  much q r e a t e r  f l e x i b i l i t y  i n  subsequent 
t e s t i n g .  Only a program designed t o  r e l a t e  fundamental p r o p e r t i e s  o f  a broad ranae 
of coals t o  t h e i r  process responses has va lue t o  t h e  c o a l  community. 

C r i t e r i a  Used i n  t h e  S e l e c t i o n  o f  a Set o f  Coal Samples f o r  Research 

Coal c h a r a c t e r i z a t i o n  e f f o r t s  aimed a t  p r e d i c t i n g  coal responses f rom funda- 
mental p r o p e r t i e s  must f o l l o w  a r a t i o n a l  s c i e n t i f i c  approach ( v i z .  chard t e r i z a t i o n  
by  rank, t ype  and grade) ,  i f  t h e y  are t o  y i e l d  e x t r a p o l a t a b l e  r e s u l t s h ) .  Major 
d i f f e r e n c e s  between " t y p i c a l "  coa ls  i n  t h e  U.S. are rank - re la ted .  Therefore, 
we employed c r i t e r i a  f o r  s e l e c t i n g  our coa l  samples t h a t  maximized coal rank 
v a r i a b i l i t y .  V a r i a t i o n s  i n  type,  thouph pu rpose ly  minimized cou ld  not ,  however, be 
e l i m i n a t e d  and are d e a l t  w i t h  as p a r t  o f  t h i s  s tudy .  

A s e t  of research samples was se lec ted  accord ing t o  t h e  f o l l o w i n g  c r i t e r i a :  

(1) Broad r a n g e  i n  r a n k .  I n  e f f e c t ,  t h i s  max im izes  v a r i a t i o n  i n  
o roan ic  chemical  composit ion, p r i n c i p a l l y  t he  elements C, H, and 0. 
High rank  coa ls  ( a n t h r a c i t e s )  were excluded, because they  are of 
l i t t l e  economic va lue  f rom a s y n t h e t i c  f u e l s  s tandpo in t .  
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V i t r i n i t e - r i c h .  V i t r i n i t e  i s  t h e  predominant maceral i n  most 
U.S. coals and f o r  t ha t  reason i t s  r eac t iv i ty  i s  of most concern 
in u t i l i za t ion .  Also, the  properties of v i t r i n i t e  vary progressive- 
ly  with rank. 

Low in inorganic matter content (preferably less  than 10%). This 
r e s t r i c t ion  minimizes problems which can a r i se  during analyses 
and subsequent c a l c u l a t i o n s  of t h e  p r o p e r t i e s  of t h e  organic  
components. 

Geographically and geologically diverse (within the continental  
U.S.) .  Samples were obtained from the  major coal-bearing regions in 
the  United S ta tes  so as to  include d i f fe ren t  metamorphic h is tor ies  
and geological ages. 

Fresh and unweathered. 

The optimum range in rank variation of v i t r i n i t e s  i s  best defined by the 
c lass ica l  H / C  vs O/C diacjram from v a n  Krevelen(2). When published d a t a  (from 
the Pennsylvania S ta t e  University coal-data base ( 3 )  f o r  high v i t r i n i t e  (>80%), 
low mineral-matter coals (< lo%)  from various regions in the U.S. are plotted on a 
v a n  Krevelen diagram, a broad band i s  obtained (shown in Figure 1 ) .  From along the 
length and breadth of t h i s  band a random s e t  of coals was identified and then 

. located f o r  collection. Sixty-four samples were ultimately selected f o r  the  
research study. Two foreign samples were also added t o  the  l ib rary .  Distribution 
of these 66 samples on the van  Krevelen plot i s  shown in Figure 1.  

The coal samples were collected by experienced coal geologists d i r ec t ly  from 
f resh ly  exposed seam faces. Where possible, the  samples were selected from l i t ho -  
types rich in v i t ra in .  Some samples were obtained a s  run-of-mine samples, provid- 
ing they were recently mined and f ree  of extraneous rock. 

Most samples were collected as coarse lumps ( la rger  t h a n  5-6 cm). Samples were 
sealed within heavy gauge, polyethylene b a g s ,  placed in epoxy-lined containers 
(when possible, they were placed under water) and shipped. Any information t h a t  
might ultimately be pertinent t o  sample quali ty was logged. Upon rece ip t ,  the 
samples were stored in a cold room ( a t  30-40°F) unt i l  preparation. 

SAMPLE PREPARATION 

The procedure fo r  the  general workup and subsequent characterization of coal 
samples fo r  t h i s  study i s  summarized by Figure 2 .  To minimize oxidation during 
preparation, samples were handled in nitrogen-fil led plove boxes (where poss ib le ) .  
Maintaining water f i l l e d  pores minimized exposure of the internal surface t o  a i r  
and prevented i r revers ib le  pore collaspe. T h e  i n i t i a l  sample was inspected and a 
hand specimen was taken fo r  display. Extremely coarse (>5 cm), pa r t i c l e s  were 
broken by hammer t o  about a 5-cm t o p  s ize .  The coal was then washed on a 16 mesh 
screen (or  100 mesh i f  the sample was f ine )  t o  remove any extraneous mineral 
matter, debris and f ines .  Such physical beneficiation t o  provide sample con- 
sistency can be performed when seam-representive samples a re  not required, as in 
s tud ies  such as th i s .  Subsequently, the coal was surface dried under nitrogen, 
frozen for a t  l eas t  4 hours in solid CO2 ("dry i ce" ) ,  and then crushed t o  - 4  mesh 
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us ing  a swing-hammer m i l l .  Freez ing t h e  samples min imizes t h e  r i s k  o f  thermal 
change, o x i d a t i o n ,  and v o l a t i l e  r e l e a s e  due t o  heat genera t i on  d u r i n g  s i z e  reduc- 
t i o n .  

B o t t l e s  con ta in ing  
these s p l i t s  (and a l l  subsequent samples) were p laced i n  a b e l l  j a r  w i t h  t h e  b o t t l e  
l i d s  l o o s e l y  i n  p l a c e .  The system was evacuated and r e f i l l e d  w i t h  n i t r o g e n  th ree  
t imes  t o  r e p l a c e  any a i r .  A l l  b o t t l e s  were capped w i t h  t i g h t l y  f i t t e d  l i d s  which 
were then secured w i t h  tape. Sample i d e n t i f i c a t i o n  numbers are permanently etched 
i n t o  t h e  b o t t l e s .  Samples were s to red  i n  t h e  manner i n d i c a t e d  i n  F i g u r e  2. 

The coa l  was t h e n  r i f f l e d  i n t o  3-kg r e p r e s e n t a t i v e  s p l i t s .  

P repara t i on  o f  a 16 x 100 Mesh A n a l y t i c a l  Sample 

One o f  t h e  3-kg samples o f  t h e  -4  mesh coa l  ( t h e  "working sample") was stage- 
crushed us ing  a mechanical ga te  m i l l  ( a  " c o f f e e  g r i n d e r " )  i n  a n i t r o g e n  f i l l e d  
g love  box. A f t e r  pass ing  through t h e  c o f f e e  g r inde r ,  t h e  c o a l  was screened on a 16 
mesh screen and t h e  t o p  s i z e  recyc led.  The process was repeated u n t i l  a l l  t he  
sample passed through t h e  16 mesh screen. T h i s  stage c rush ing  maximized t h e  
p a r t i c l e  s i z e  c o n s i s t  o f  t h e  crushed coa l .  

The -16 mesh m a t e r i a l  was wet-screened on a 100 mesh screen by washing repeat-  
e d l y  w i t h  water .  The f i n e s  were d iscarded.  Approx imate ly  70 t o  80% o f  t h e  3 kg 
s p l i t  was r e t a i n e d  b y  t h i s  method. Wet screening p h y s i c a l l y  b e n e f i c i a t e s  t h e  coa l  
by  removing f i n e s .  Excessive f i n e s  are undes i rab le  i n  c e r t a i n  a n a l y t i c a l  t e s t s  
( i . e .  HGI, pe t rog raphy  and some process response de te rm ina t ions ) .  Also, removal of 
f i n e s  decreases f u s i n i t e  and m ine ra l  content  o f  t h e  sample, s i n c e  these components 
p r e f e r e n t i a l l y  r e p o r t  t o  t h e  f i n e s  f r a c t i o n  d u r i n g  s i z e  reduc t i on .  

Excess water  l e f t  on t h e  16x100 mesh coa l  f rom t h e  washing procedure was 
removed by p l a c i n g  t h e  wet coal  i n  a 25 cm Buchner vacuum f i l t r a t i o n  assembly 
i n s i d e  o f  a n i t r o g e n - f i l l e d  g love  box. The a s p i r a t i o n  f o r c e s  n i t r o g e n  through the 
sample and d r i e s  t h e  su r face  o f  t h e  coal ,  so t h a t  i t  can be r i f f l e d ,  wi thout  
exposing t h e  po re  s t r u c t u r e  t o  a i r  (oxygen). 

Four s p l i t s  c o n t a i n i n g  about 5009 of  16 x 100 mesh coal were obta ined us ing a 
mechanical r i f f l i n g  dev i ce .  The o the r  two 
f r a c t i o n s  were e q u i l i b r a t e d  i n  n i t r o g e n  a t  50% r e l a t i v e  h u m i d i t y  and used f o r  a l l  
o f  the analyses. E q u i l i b r a t i o n  a t  50% r e l a t i v e  h u m i d i t y  i s  r e q u i r e d  t o  o b t a i n  
rep roduc ib le  weighings (50% r e l a t i v e  h u m i d i t y  i s  t y p i c a l  f o r  most l a b s ) .  Ni t rogen 
i s  used as t h e  e q u i l i b r a t i n g  gas t o  min imize o x i d a t i o n .  The 50% r e l a t i v e  humi- 
d i t y  n i t r o g e n  was o b t a i n e d  by bubbl ina n i t r o g e n  through water  under 2 atmospheres 
of pressure and subsequent ly  expanding t h e  sa tu ra ted  n i t r o g e n  through a r e g u l a t o r  
t o  one atmosphere o f  pressure.  The p a r t i a l l y  m o i s t  n i t r o p e n  was passed throuph a 
mani fo ld  i n t o  a number o f  b o t t l e s  c o n t a i n i n g  coal ,  and a f t e r  pass ing throuph the 
coal ,  was vented. A t o p  loadina balance was used t o  reco rd  t h e  weight o f  each of 
t h e  b o t t l e s  o f  coa l  as a f u n c t i o n  o f  t ime .  When t h e  weight  s t a b i l i z e d ,  e q u i l i b r a -  
t i o n  was achieved. 

Some c o a l  a n a l y s e s  r e q u i r e  c o a r s e - s i z e d  c o a l  and o t h e r  a n a l y s e s  r e q u i r e  
p u l v e r i z e d  (-60 mesh) coals .  S p l i t t i n g  t h e  16 x 100 mesh f r a c t i o n  i n t o  a 16 x 60 
mesh f r a c t i o n  f o r  coarse analyses and -60 mesh f r a c t i o n  f o r  chemical ana lys i s  would 
no t  have been v a l i d  s i n c e  coa l  components segregate t o  d i f f e r e n t  s i z e  f r a c t i o n s .  
Therefore an a l i q u o t  o f  t h e  16 x 100 mesh coa l  was p u l v e r i z e d  t o  -60 mesh. 

Two s p l i t s  were s to red  f o r  f u t u r e  work. 
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Prepara t i on  o f  A l i q u o t s  f o r  Ana lys i s  

Numerous a l i q u o t s  o f  about 59 each were r i f f l e d  i n  a n i t r o g e n - f i l l e d  a love  box 
u s i n g  a r o t a r y  r i f f l i n g  dev ice.  The r o t a r y  system i s  f a r  s u p e r i o r  t o  o t h e r  sample 
s p l i t t i n o  methods i n  t h a t  i t  a f f o r d s  b e t t e r  r e p r o d u c i b i l i t y  between s p l i t s  and 
a l l ows  a r a p i d  p roduc t i on  o f  m u l t i p l e  a l i q u o t s .  Each a l i o u o t  was used f o r  o n l y  a 
few t e s t s  o r  analyses. By p repar ing  many a l i q u o t s  a t  t h e  ou tse t ,  o x i d a t i o n ,  
contaminat ion,  o r  non-representat iveness o f t e n  associated w i t h  repeated hand l i ng  o f  
bu l k  a n a l y t i c a l  samples, i s  avoided. 

ANALYTICAL PROCEDURES AND DATA QUALITY 

Analyses and t e s t s  performed on t h e  samples are shown i n  F i g u r e  2. Most were 
pe r fo rmed  a c c o r d i n g  t o  ASTM s t a n d a r d i z e d  p r o c e d u r e s .  B r i e f  d e s c r i p t i o n s  o f  
non-standard t e s t s  are descr ibed below. 

1 .  E x t r a c t i o n  w i t h  c i t r i c  a c i d  and benzene/ethanol azeotrope. 
2. Assessment o f  a c i d i c  f u n c t i o n a l i t y  by  Ca(OH12 and Ba(OH)2 i o n  exchange. 
3. Dens i t y  by he l ium pycnometer and by water  d isp lacement .  
4.  G a s i f i c a t i o n  i n  a smal l  f l u i d i z e d  bed. 
5. P y r o l y s i s  i n  a rap id -hea t ing ,  f i x e d  bed system. Y ie lds  o f  char, t a r s ,  water 

and gases assayed. Product p r o p e r t i e s  assessed 
6.  L i q u e f a c t i o n  i n  smal l  ba tch  system ( t u b i n g  bombt4)). 
7 .  Combustib' l  ' t y  by bu rn ing  i n  a thermograv imetr ic  analyzer  (combustion p r o f i l e  

technique15j ) .  
8. T o t a l  oxygen by  i ns t rumen ta l  neu t ron  a c t i v a t i o n  ana lys i s  (INAA). 

A number o f  i n t e r n a l  checks descr ibed below were app l i ed  t o  t h e  s tandard  coa l  
l i b r a r y  d a t a  t o  ensure t h a t  a l l  b a s i c  compos i t i ona l  analyses were accurate and 
meaningfu l .  

Dup l i ca te  Ana lys i s  S c r u t i n y  

A l l  s tandard ASTM t e s t s  o f  e lementary composi t ion and f o r  p rox ima te  analyses 
were done i n  d u p l i c a t e .  Samples were reanalyzed i f  t h e  d i f f e r e n c e s  between d u p l i -  
ca tes  exceeded +2 s tandard d e v i a t i o n s  o f  t h e  mean d i f f e r e n c e  o f  a l l  coa l s .  I f  
t h e  re run  was s t i l l  o u t s i d e  +2 standard dev ia t i ons ,  t h e  t e s t  was repeated u n t i l  
t h e  e r r o r  was co r rec ted .  About 10-20% o f  t h e  s tandard d a t a  r e q u i r e d  reana lys i s ,  a 
f i g u r e  which we b e l i e v e  would be t y p i c a l  f o r  any w e l l - r u n  coa l  a n a l y s i s  l a b o r a t o r y .  
The data which were used f o r  subsequent man ipu la t i on  i n  t h e  l i b r a r y  were the  
a r i t h m e t i c  averages o f  two "bes t "  d u p l i c a t e  runs.  

Determined Versus Ca lcu la ted  C a l o r i f i c  Value 

The c a l o r i f i c  va lue  o f  a coa l  can be c a l c u l a t e d  f rom t h e  e lementary composi- 
t i o n  and t h i s  va lue  can be compared t o  t h e  e x p e r i m e n t a l l y  determined va lue as a 
check on the  accuracy o f  b o t h  e lementa l  and c a l o r i f i c  va lue analyses. We checked 
t h e  coal l i b r a r y  d a t a  us ing  a combinat ion o f  t h r e e  d i f f e r e n t  formulae, two obta ined 
f rom t h e  l i t e r a t u r e  and one de r i ved  s p e c i f i c a l l y  f rom t h e  c o a l  l i b r a r y  samples. 

* A l l  on % d r y  c o a l  b a s i s  e x c e p t  f o r  m o i s t u r e  and c a l o r i f i c  v a l u e  w h i c h  i s  
B t u / l b  on d r y  c o a l .  
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The Mott-Spooner fo rmu la  c a l c u l a t e s  a d ry ,  m ine ra l  m a t t e r - f r e e  (dmmf) c a l o r i -  
f i c  va lue ( B t u / l b )  u s i n g  e lementa l  analyses on a dmmf b a s i s  as: 

CvMs = 144.54 * Cdmmf + 610.2 * Hdmf - 62.46 * Odmmf 40.5 * Sorgd,,f (1 )  

I f  t h e  dmmf oxygen con ten t  i s  g r e a t e r  t han  11%, t h e  Mott-Spooner B t u  ca l cu la -  
t i o n  ( C V M ~ )  i s  m o d i f i e d  by: 

Anoth r fo rmu la  was d e r i v e d  by t h e  I n s t i t u t e  o f  Gas Technology i n  Chicago 
as f o l  lowsf;6) : 

CVIGT = 146.58 * C + 568.78 * H + 29.4 * S - 6.58 * A - 51.53 ( 0  + N) (3 )  

where C ,  H, N and S rep resen t  t o t a l  d r y  carbon, hydrogen, n i t r o g e n  and s u l f u r  
r e s p e c t i v e l y  ( d r y  b a s i s ) ,  and A i s  t h e  s tandard ASTM ash y i e l d  ( d r y  b a s i s ) .  O+N i s  
o b t a i n e d  b y  d i f f e r e n c e  ( 1 0 0  - a l l  o t h e r  f a c t o r s ) .  The I G T  f o r m u l a  g i v e s  t h e  
c a l o r i f i c  va lue  o f  t he  whole, d r y  coa l  whereas t h e  Mott-Spooner g i v e s  t h e  c a l o r i f i c  
v a l u e  of  t h e  o rgan ic  m a t t e r  on l y .  We d e r i v e d  our  own formula us ing  a stepvrise 
reg ress ion  f o r  t h e  66 coa ls  i n  t h e  l i b r a r y .  The b a s i s  f o r  t h i s  fo rmu la  d i f f e r s  
somewhat f rom t h a t  used i n  t h e  I G T  o r  t he  Mott-Spooner formulae i n  t h a t  it y i e l d s  a 
c a l o r i f i c  va lue ( B t u / l b )  f o r  d r y  coa l  f rom "co r rec ted"  d r y  analyses (an exp lana t ion  
o f  t h e  c o r r e c t i o n s  i s  d iscussed i n  a l a t e r  sec t i on ) .  

C V E R E  = 151.31 * Corg - 47.87 * Oorg + 549.74 * Horq + 68.96 * Spyr (4 )  
+ 47.58 * Sorg - 400.24 

Using t h e  above equat ions we c a l c u l a t e d  t h e  c a l o r i f i c  va lues f o r  a l l  66 coa ls  
and compared them t o  t h e  determined c a l o r i f i c  va lues.  I f  t h e  d i f f e r e n c e s  exceeded 
+250 Btu/ lb ,  t h e  analyses were evaluated f o r  e r r o r s  and where appropr ia te,  t h e  
samples reanalyzed.  Tab le  3 summarizes the  d i f f e r e n c e s  between determined and 
c a l c u l a t e d  c a l o r i f i c  va lues  us ing  t h e  Mo t t  Spooner, IGT, and t h e  Exxon Research 
(ER&E) formulae.  

Table 3 

COMPARISONS OF DETERMINED VERSUS CALCULATED CALORIFIC VALUE/(BTU/lb) e Me an Std. 
D i f f .  Dev . .- Formula __ 

Mott  Spooner (dmmf) -59.3 113.6 -43. 213 
IGT ( d r y )  -9.2 110.9 -399. 167 
ER&E ( d r y  o r g a n i c )  -7.8 95.4 -298. 205. 

A l l  b u t  a few o f  t h e  c o a l s  gave e x c e l l e n t  comparisons of c a l c u l a t e d  versus d e t e r -  
mined c a l o r i f i c  va lues.  We have not  been ab le  t o  determine why t h e  few coa ls  
appear as o u t l i e r s ,  even a f t e r  r e - a n a l y s i s .  

Elemental Balances 

To ta l  oxygen on d r y  coa l  can be determined independent ly  us ing  i ns t rumen ta l  
neu t ron  a c t i v a t i o n  a n a l y s i s  (O inaa) .  T o t a l  oxygen can a l s o  be c a l c u l a t e d  by 
d i f f e r e n c e  from d r y  analyses as: 

Odi f f .  = 100-C-N-H-St-C1-Ash Elements (5 )  
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where ash elements are the  sum o f  t h e  S i ,  A l ,  Fe, Ma, Ca, K, P, Na, and T i  ca l cu -  
l a t e d  as a percentage o f  d r y  coal ,  and S t  i s  t o t a l  s u l f u r .  A comparison of the 
oxygen by d i f f e r e n c e  aga ins t  t he  oxygen by neu t ron  a c t i v a t i o n  serves as an indepen- 
dent check on the  accuracy of t h e  combined elemental analyses. The o v e r a l l  mean 
d i f f e rence  f o r  t he  66 coa ls  was -1% w i t h  a s tandard d e v i a t i o n  o f  0.93 about t h e  
mean. The s l i g h t  nega t i ve  b i a s  i s  p robab ly  due t o  t h e  absence o f  minor  and t r a c e  
elements i n  t h e  m a t e r i a l  balances. Several o f  t h e  samples show s i g n i f i c a n t  dev ia -  
t i o n s  even though the  elementary ana lys i s  appears t o  be v a l i d .  We b e l i e v e  t h e  
d iscrepancy may be due t o  mo is tu re  f l u c t u a t i o n s  o r  t o  i n t e r f e r e n c e s  i n  t h e  neu t ron  
a c t i v a t i o n  ana lys i s  o f  oxygen. 

Ash Checks 

Ash determinat ions were done i n  d u p l i c a t e  on bo th  the  16x100 mesh and t h e  -60 
mesh f r a c t i o n s .  For  a l l  66 coals ,  t h e  minimum and maximum d i f f e r e n c e s  were -0.43 
and +0.30 and t h e  o v e r a l l  mean d i f f e r e n c e  i n  ash between t h e  two f r a c t i o n s  was 
-0.089. The standard d e v i a t i o n  was 0.15, w e l l  w i t h i n  t h e  ASTM r e p e a t a b i l i t y  l i m i t  
o f  0.3. 

CALCULATION OF DATA TO VARIOUS BASES 

As-analyzed d a t a  a re  seldom o f  any d i r e c t  use. Most r a w  a n a l y t i c a l  d a t a  must 
be c a l c u l a t e d  t o  some more meaningful b a s i s  i n  o r d e r  t o  be e f f e c t i v e l y  employed. 
A l l  o f  ou r  da ta  were c a l c u l a t e d  t o  t h e  d r y  bas i s .  Because i n  most i ns tances  we 
were i n t e r e s t e d  i n  p r o p e r t i e s  and responses o f  t h e  o rgan ic  f r a c t i o n ,  d a t a  were a l s o  
c a l c u l a t e d  t o  a dry ,  m ine ra l -ma t te r  f r e e  b a s i s  as descr ibed below. 

Determinat ion o f  t h e  M ine ra l  Ma t te r  Content 

We est imated t h e  i no rgan ic  m a t t e r  ( s o - c a l l e d  m ine ra l  ma t te r )  con ten t  f o r  t h e  
l i b r a r y  c o a l s  from adjustments t o  the  h i g h  temperature ash y i e l d .  The fo rmu la  
should apply  t o  coa ls  o f  a l l  ranks and t o  c o a l s  t h a t  c o n t a i n  a v a r i e t y  o f  i no raan ic  
m a t e r i a l s .  M ine ra l  m a t t e r  content  i s  c a l c u l a t e d  us inq  t h e  f o l l o w i n g  r e l a t i o n s h i p :  

MM = Ash + HzOclay - 2.5(sash-sS04) + 0.626 * S p y  + CO2 - O ie  ( 6 )  

I n  E q u a t i o n  ( 6 )  t h e  h i g h  t e m p e r a t u r e  ash y i e l d  ( A s h )  i s  c o r r e c t e d  u s i n g  
terms f o r  t h e  water o f  h y d r a t i o n  o f  c l a y s  (H2OClay), t h e  n e t  amount o f  s u l f a t e  
f i x e d  i n  t h e  ash ( S  sh - expressed on t h e  c o a l  bas is ,  t h e  decomposi t ion 
o f  p y r i t e  (0.626 x 4 ,-), :?!4)decomposition o f  carbonates t o  ox ides (CO2 l o s s )  
and a c o r r e c t i o n  fo r ’ rhe  amount o f  o rgan ic  oxygen t h a t  i s  r e t a i n e d  i n  t h e  ash 
(Oie)  owing t o  p a r t i a l  decomposit ion o f  humate s a l t s  i n  the  l ower  rank coa ls .  
Other  reac t i ons  o f  i no rgan ic  species du r ing  ashing are assumed t o  be n e g l i g i b l e .  

A l l  b u t  the H20cla and O i e  a re  determined d i r e c t l y .  SSO r e f e r s  t o  s u l f a t e  
s u l f u r  i n  t h e  coal ;  C& i s  determined accord ing t o  ASTM D l A 6 .  The water o f  
decomposit ion o f  c l a y s  i s  est imated us ing  these r e l a t i o n s h i p s :  

H2OClay = 0.10 * CLAY ( 7 )  

Expression ( 8 )  approximates a c l a y  con ten t  (CLAY) by  s u b t r a c t i n g  est imates 
f o r  t he  c o n t r i b u t i o n s  of p y r i t e ,  carbonates, i r o n  and s u l f u r  oxides, q u a r t z  and any 
o r g a n i c a l l y  de r i ved  a l k a l i  ox ides i n  the  ash. Ten percent  o f  t h e  c l a y  (Eq.7) i s  
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t hen  assumed t o  be t h e  average water  o f  decomposit ion. The o r g a n i c a l l y  de r i ved  
a l k a l i  ox ides  (ALK) f o r  use i n  Equat ion ( 8 )  are es t ima ted  from t h e  analyses o f  t h e  
a c i d  so lub le  a l k a l i e s  by: 

where CaO,,t rep resen ts  a l l  o f  the a c i d  s o l u b l e  C a  t h a t  i s  n o t  s t o i c h i o m e t r i c  
w i t h  the amount of carbonate, est imated f rom t h e  C02 y i e l d  as: 

C a O n e t  = CaOaCid sol. - 1.274 * C02 (10 )  

The ash element ana lys i s  can be used t o  es t ima te  excess ive amounts o f  aua r t z  
as: 

QTZ = 2.1393 * [ S i  - (2.089 * A l ) ]  (11 )  

Equation (11)  assumes t h a t  a l l  aluminum i s  c lay -assoc ia ted  and compensates 
o n l y  f o r  c o a l s  t h a t  c o n t a i n  an e x c e p t i o n a l l y  h i g h  con ten t  o f  f r e e  Si02. 

A l a r g e  p o r t i o n  o f  t h e  a l k a l i  me ta l s  i n  lower rank coa ls  are exchanGed t o  
oxygen f u n c t i o n a l  groups. When coal  i s  ashed, a t  e i t h e r  low o r  h i g h  temperature 
cond i t i ons ,  these o r g a n i c / i n o r g a n i c  complexes decompose t o  y i e l d  a l k a l i  s a l t s .  
Therefore,  some o f  t h e  oxygen i n  the  ash i s  a c t u a l l y  d e r i v e d  f rom o rgan ic  oxygen. 
T h i s  can be approximated by  summing t h e  oxygen t h a t  would be s t o i c h i o m e t r i c a l l y  
assoc iated w i t h  t h e  exchangeable a l k a l i  me ta l s  present  on t h e  coa l .  These are 
est imated f rom ac id  s o l u b l e  data by: 

The O i e  term i n  t h e  m ine ra l  ma t te r  Eouat ion (12 )  should be v a l i d  f o r  t h e  
t o t a l  range o f  coa ls .  Most o f  t h e  a l k a l i  me ta l s  i n  l i a n i t e s ,  t h a t  are ac id  so lu -  
b l e ,  are bound t o  t h e  o rgan ic  ma t te r .  For  the  h i o h  rank coals, we found t h a t  by 
compensa t ing  f o r  c a r b o n a t e  t h e  O i e  t e r m  i n  t h e  m i n e r a l  m a t t e r  e x p r e s s i o n  i s  
neg 1 i g i  b l e .  

Low Temperature Ashing 

N i n e r a l  m a t t e r  con ten ts  were a l so  determi  d d i r e c t l y  f o r  t h e  coa ls  i n  t h e  
l i b r a r y  us ing  low temperature plasma ox idat ionr7?,  a technioue which produces an 
i no rgan ic  r e s i d u e  f rom c o a l  i n  more o r  l e s s  u n a l t e r e d  s t a t e .  Most o f  t h e  major  
m ine ra l s  do n o t  decompose under c a r e f u l l y  c o n t r o l l e d  LTA c o n d i t i o n s .  F igu re  3 
shows a comparison between t h e  c a l c u l a t e d  and exper imenta l  (LTA) m ine ra l  mat ter  
con ten ts  o f  t h e  coa ls .  I n  t h e  f i g u r e ,  d a t a  p o i n t s  w i t h  an " x "  r e f e r  t o  low rank 
c o a l s  whose oxygen con ten ts  are g r e a t e r  t han  16% (dmmf). When these coals  are 
excluded, t h e r e  i s  good agreement between t h e  two methods; the mean d i f f e r e n c e  f o r  
t h e  52 h i g h e r  rank c o a l s  i s  e s s e n t i a l l y  zero (-O.Ol), bu t  w i t h  f a i r  amount of 
s c a t t e r  ( t h e  s tandard d e v i a t i o n  i s  0.85). 

As shown i n  F i g u r e  3, t h e  LTA y i e l d  o f  t h e  h i g h  oxygen coa ls  i s  much g rea te r  
t h a n  the c a l c u l a t e d  m i n e r a l  ma t te r  con ten t .  L i g n i t e s  and subbituminous coa ls  
c o n t a i n  app rec iab le  a l k a l i  c a t i o n s  bound t o  oxygenated f u n c t i o n a l  groups. These 
tend  t o  i n h i b i t  t h e  o x i d a t i o n  process, p r e v e n t i n g  complete ashing; thus,  t h e  
LTA yields tend  be t o o  h iqh .  Also, a s u b s t a n t i a l  amount o f  combustion gas (as 
e i t h e r  S- o r  N-oxides) adds t o  t h e  weight  o f  t h e  LTA by  r e a c t i n g  w i t h  t h e  molec- 
u l a r l y  d ispersed a l k a l i e s .  When these c o a l s  are e x t r a c t e d  w i t h  ac id ,  t h e  a l k a l i  
c a t i o n s  are removed, and n o  a n a l y t i c a l  d i f f i c u l t i e s  are encountered w i t h  the  LTA 
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technique.  Thus, t h e  b e s t  d i r e c t  measure o f  t h e  m ine ra l  mat ter  con ten t  i n  low-rank 
c o a l s  i s  t h e  sum o f  t h e  y i e l d  o f  LTA on ac id -ex t rac ted  coa l  and t h e  weight  f r a c -  
t i o n  Of ac id -so lub le  i no rgan ics ,  o r  

MMacid+LTA = CLTA* (lOO-A/IOO) + A (13 )  

where CLTA i s  the  LTA y i e l d  on dry ,  acid-washed c o a l  and A i s  t h e  we igh t  l o s s  upon 
a c i d  e x t r a c t i o n .  

F i g u r e  4 i s  a p l o t  o f  t h e  m ine ra l  ma t te r  c a l c u l a t e d  from Equat ion ( 6 )  aga ins t  
t h e  m ine ra l  ma t te r  from t h e  m o d i f i e d  LTA method, (13) .  Note t h a t  s i g n i f i c a n t  
improvement i s  seen w i t h  t h e  high-oxygen coa ls  ( i n d i c a t e d  by " X " ) .  The summary 
s t a t i s t i c s  o f  mean d i f f e r e n c e s  i n d i c a t e s  t h a t  t h e  mod i f i ed  LTA method f o r  e s t i m a t -  
i n g  t h e  rr i ineral ma t te r  con ten t  i s  una f fec ted  by  d i f f e r e n c e s  i n  rank. 

The f o r m u l a - d e r i v e d  m i n e r a l  m a t t e r  c o n t e n t  i s  a p p l i c a b l e  t o  a l l  r a n k s ;  
t o  ma in ta in  consis tency w i t h i n  t h e  l i b r a r y ,  we used t h e  formula f o r  a l l  c a l c u l a -  
t i o n s  t o  t h e  dmnf bas i s .  

V o l a t i l e  Ma t te r  and C a l o r i f i c  Value 

The ASTM v o l a t i l e  m a t t e r  y i e l d ,  determined a t  950'C, i nc ludes  components f rom 
decomposit ion o f  i no rgan ic  m a t e r i a l s .  To o b t a i n  an o rgan ic  v o l a t i l e  con ten t  we 
used a fo rmu la  mod i f i ed  f rom Leighton and Tomlinson(8) where 

VMcorrected = VMdry - H20clay - 0.41 * Spyr - 0.9 * c02 - 0.76 * c1 (14)  

Th is  formula compensates f o r  v o l a t i l e  l o s s  o f  c l a y  water, p y r i t i c  s u l f u r ,  
carbonate Cop, and c h l o r i n e .  

C a l o r i f i c  va lue  ( B t u / l b )  de te rm ina t ions  should be co r rec ted  f o r  c o n t r i b u t i o n s  
due t o  t h e  e x o t h e r m i c i t y  o f  p y r i t e  o x i d a t i o n ,  thus,  

CVcorrected = CVdry  - 5 5 * 6 7  * Spyr 

F i xed  carbon content  on t h e  dmnf bas i s  i s  c a l c u l a t e d  as: 

(15)  

FCdmmf = 100 - VMdmmf (16)  

E 1 ement a1 Analyses 

Carbon and hydrogen determinat ions by the  ASTM method i n c l u d e  carbonate carbon 
Cor rec t i ons  t o  o b t a i n  t h e  o raan ic  carbon and and c l a y  water hydrogen r e s p e c t i v e l y .  

hydrogen contents  are made as: 

Horg = Hdry - Hc 1 ay 

Where H c l a y  = 0.1119 * H20clay est imated from eouat ions (6)  and (7 )  

Corrected analyses are m u l t i p l i e d  by t h e  f a c t o r  100/(100-MK) t o  conver t  t o  
t h e  dmmf bas i s .  
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To express t h e  c a l c u l a t e d  o rgan ic  oxygen on t h e  d r y  bas i s  (Oorg) t h e  Odmmf 
va lue i s  m u l t i p l i e d  b y  (lOO-MM)/lOO. 

CORRELATIONS 

The purpose o f  t h e  c o a l  c h a r a c t e r i z a t i o n  research program i s  t o  e s t a b l i s h  
r e l a t i o n s h i p s  between fundamental coa l  p roper t i es ,  d e r i v e d  coa l  p r o p e r t i e s ,  and 
process responses. Many nove l  r e l a t i o n s h i p s  have been found employing m u l t i v a r i a t e  
s t a t i s t i c a l  a n a l y s i s  techniques.  These r e s u l t s  w i l l  be repo r ted  i n  p u b l i c a t i o n s  
t o  f o l l o w .  Three examples o f  t h e  k inds  o f  c o r r e l a t i o n s  t h a t  have been developed 
are repo r ted  below. 

Coal d e n s i t y  by he l i um pycnometry i s  r e l a t e d  t o  t h e  elemental composit ion as 
d e f i n e d  by Equat ion ( 2 2 ) .  

The above e x p r e  s i o n  a c c o u n t s  f o r  94% o f  t h e  v a r i a n c e  o f  t h e  d e n s i t i e s  
o f  t h e  samples ( v i z .  r? = 0.943). 

Fo r  those c o a l s  e x h i b i t i n g  a f r e e  s w e l l i n g  index (FS I )  g r e a t e r  than zero, 
91% o f  t h e  va r iance  o f  t he  F S I  f o r  t h e  samples can be expla ined according t o  
Equat ion (23 ) .  

FSI  = 0.875 * Cdmmf + 0.859 * Sdmf t 1.304 * Hdmf + 0.347 * R / I  ( 2 3 )  - 77.715 

I n  Equat ion ( 2 3 ) ,  R / I  r e f e r s  t o  t h e  r a t i o  of r e a c t i v e  macerals ( v i t r i n i t e ,  

V o l a t i l e  m a t t e r  i s  a l s o  s t r o n g l y  c o r r e l a t e d  w i t h  e l e m e n t a l  c o m p o s i t i o n  

l i p t i n i t e )  t o  " i n e r t "  macera ls  ( f u s i n i t e ,  m i c r i n i t e )  p l u s  m ine ra l  mat ter .  

( r 2  = 0.96) accord ing t o  the  r e l a t i o n s h i p  shown i n  Equat ion (24 ) .  

CONCLUSIONS 

Procedures f o r  e s t i m a t i n g  responses o f  coa ls  i n  s y n t h e t i c  f u e l s  convers ion 
processes are p r a c t i c a l l y  nonex is ten t .  Consequently, a new look a t  c o a l  charac- 
t e r i z a t i o n  and c l a s s i f i c a t i o n  procedures i s  p r o p i t i o u s .  We b e l i e v e  t h a t  meaningful 
understanding o f  t h e  r e l a t i o n s h i p s  between coal  p r o p e r t i e s  can be obta ined o n l y  
th rough  the  s tudy  o f  a l a r g e  s u i t e  o f  c a r e f u l l y  se lected,  prepared and analyzed 
c o a l  samples. We have, t h e r e f o r e ,  begun a comprehensive coa l  c h a r a c t e r i z a t i o n  
research  program a t  t h e  Baytown, Texas, l a b o r a t o r y  o f  Exxon Research and Engineer- 
i n g  Company. S i x t y - s i x  f r e s h  samples o f  coa l  rep resen t ing  the  c o a l i f i c a t i o n  band 
i n  an H/C vs O K  p l o t  have been analyzed i n  d e t a i l .  E i g h t y  percent o f  t h e  samples 
c o n t a i n  <lo% minera l  m a t t e r .  E i g h t y  percent  a l so  c o n t a i n  >80X v i t r i n i t e .  Through 
met i cu lous  p r e p a r a t i o n  procedures designed t o  min imize exposure t o  a i r ,  through 
numerous cross-checks o f  v a l i d i t y  o f  t h e  a n a l y t i c a l  data,  and through c a l c u l a t i o n  
o f  t h e  data t o  a m i n e r a l - m a t t e r - f r e e  b a s i s  we have assembled a da ta  l i b r a r y  t h a t  i s  
be ing  used t o  d e f i n e  i n t e r r e l a t i o n s h i p s  between coal p roper t i es .  Numerous m u l t i -  
v a r i a t e  c o r r e l a t i o n s  have been found i n d i c a t i n g  s t r o n g  dependence o f  p r o p e r t i e s  
such as densi ty ,  f r e e  s w e l l i n g  index and v o l a t i l e  m a t t e r  on e lementa l  composit ion. 
Such c o r r e l a t i o n s  promise t o  shed cons ide rab le  l i g h t  on the  area o f  coa l  charac- 
t e r i z a t i o n  and c l a s s i f i c a t i o n .  
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FIGURE 1 

DISTRIBUTION OF BAYTOWN COAL CHARACTERIZATION LIBRARY 
SAMPLES ON VAN KREVELEN PLOT 

O I C  (ATOM RATIO) 
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FIGURE 3 

RELATION BETWEEN THE LOW TEMPERATURE A S H  YIELD AND 
THE CALCULATED MINERAL M A l l E R  CONTENT 
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FIGURE 4 

RELATION BETWEEN THE MINERAL M A l l E R  CONTENT B Y  THE A C I D  
MODIFIED LTA METHOD AND THE CALCULATED MINERAL MATTER CC 
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INTRODUCTION 

The publ ished l i t e r a t u r e  rega rd ing  the  c a t a l y s i s  o f  gas-carbon r e a c t i o n s  by 
a l k a l i  s a l t s  spans more than a c e n t u r y . l  
mechanisms have been proposed t o  account f o r  t h e  c a t a l y t i c  a c t i v i t y .  It i s  o f t e n  
d i f f i c u l t  t o  make comparisons among the  var ious s tud ies  because o f  d i f f e r e n c e s  i n  
temperature range covered, carbon subs t ra te  used, and t h e  gas atmospheres employed. 
The purpose o f  t h i s  s tudy  was t o  u n i f y  q u a n t i t a t i v e l y  t h e  c a t a l y t i c  e f f e c t  o f  
potassium s a l t s  on t h e  r e a c t i o n s  o f  H20 and COP w i t h  m i c r o c r y s t a l l i n e  o r  "amorphous" 
carbon. These p o o r l y  o rgan ized  c a r b o x  are formed from a v a r i e t y  o f  precursors a t  
temperatures g r e a t e r  t han  %6OO0C. 
o n a l l y  bonded) carbons i n  small  micro layers.*  
o f  heat  t rea tmen t  temperature, carbonaceous precursor ,  and t h e  presence o f  i m p u r i t i e s .  

We show t h a t  potass ium c a t a l y s t  a t  one atmosphere and low conversions behaves 
rep roduc ib l y  on many o f  these carbon subs t ra tes  and i n  many modes o f  preparat ion.  
Because o f  t h i s  r e p r o d u c i b i l i t y  and because t h e  a l k a l i  dominates t h e  e f f e c t  o f  o ther  
i m p u r i t i e s ,  t h i s  system i s  i n  some ways eas ie r  t o  understand than t h e  "uncatalyzed" 
HnO-carbon reac t i on .  

EXPERIMENTAL 

Diverse and sometimes c o n f l i c t i n g  

They c o n s i s t  l a r g e l y  o f  " g r a p h i t i c "  ( o r  t r i g -  
The s i z e  o f  these l a y e r s  i s  a func t i on  

Most experiments h e r e  were performed i n  a small  tube f l o w  r e a c t o r  a t  one a t -  
mosphere t o t a l  pressure.  
f a r  from gas-carbon e q u i l i b r i u m .  
reac t i on .  
carbon reac t i on .  
of carbon remaining) g e n e r a l l y  show constant  a c t i v i t y  which holds f rom 2.20% t o  %70% 
of t o t a l  b u r n o f f .  We t a k e  t h i s  steady s t a t e  r a t e  t o  rep resen t  t h e  c h a r a c t e r i s t i c  
r a t e  of t h e  a l k a l i  c a t a l y z e d  r e a c t i o n  when t h e  system i s  c a t a l y s t  l i m i t e d .  

CATALYST LOADING RESPONSE 

a l k a l i  c a t a l y s t .  A wide v a r i e t y  o f  carbon types was examined w i t h  both K2C03 and 
KOH appl ied.  
potassium i n  r e a c t i o n s  w i t h  minera l  c o n s t i t u e n t s  i n  the  coa l ,  p r i n c i p a l l y  t o  form 
a1 uminosi 1 i c a t e s .  

The g a s i f i c a t i o n  r a t e s  were measured under gas composit ions 
Most o f  t h e  r a t e  data a r e  f o r  t h e  H,O-carbon 

Unless s t a t e d  otherwise,  analogous behavior  was observed i n  t h e  CO2- 
R e a c t i v i t y  p r o f i l e s  ( instantaneous g a s i f i c a t i o n  r a t e s  vs. f r a c t i o n  

F ig.  1 shows t h e  dependence o f  t he  "steady s t a t e "  r a t e  on t h e  concen t ra t i on  of 

The K/C r a t i o s  f o r  t h e  coa l  chars a re  co r rec ted  f o r  t h e  l o s s  o f  

A l l  t he  da ta  f a l l  near  a l i n e a r  c o r r e l a t i o n  f o r  t h i s  range o f  c a t a l y s t  loadings.  
(The r a t e  even tua l l y  sa tu ra tes ,  as shown l a t e r . )  The a d d i t i o n  o f  an incremental 
amount O f  potassium produces an equ iva len t  response on a wide v a r i e t y  o f  carbon 
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types. Equal numbers of reaction centers a re  formed fo r  each mole of s a l t .  The 
dispersion is independent of loading. The "activation" energy i s  independent o f  
Catalyst loading, t h u s  supporting the idea tha t  increasing the ca t a lys t  concen- 
t ra t ion  simply increases the number o f  ac t ive  s i t e s .  The l inear  cor re la t ion  qives 
a turnover r a t e  with respect t o  potassium atoms of 8.2 hr. a t  these c6nditions 
(700°F, (H20)/(H2) = 1 ) .  
ence of the reac t iv i ty  on the methods by which the carbons a r e  catalyzed. 
there i s  adequate physical contact,  a mixture of carbon and the dry powdered 
KzC03 gives a samole of roughly equivalent ac t iv i ty  t n  one which has been 
impregnated by a solution (see shaded points i n  Fig. 1 ) .  T h i s  has been noted by 
 other^.^ Alternatively,  i f  one attempts t o  maximize dispersion by ion exchan e of 
Potassium onto an oxidized coal4,  the response does not s ign i f icant ly  d i f f e r  ?half 
shaded points i n  Fig. 1 ) .  

CATALYST SATURATION 

The gasification r a t e  sa tura tes  a t  a ca t a lys t  concentration w h i c h  depends on 
the ident i ty  o f  the carbon substrate.  Although the r eac t iv i ty  per s i t e  i s  insen- 
s i t i v e  t o  the  method o f  impregnation, the number of ca t a ly t i c  s i t e s  on coal char 
can be controlled t o  some degree by pretreatment. F i g .  2 shows the r a t e  saturation 
behavior for  I l l i no i s  coal catalyzed i n  three d i f fe ren t  ways. 
from carbonizing the I l l i n o i s  coal f i r s t  and then adding potassium ca ta lys t  ( e i the r  
KOH o r  K2C03). 
samples w i t h  K/C loadings below 0.05. Above t h i s  loading additional a lka l i  did not 
produce additional ca t a ly t i c  ac t iv i ty .  
K2CO3 solution impregnated I l l i n o i s  coa ls .  
K/C r a t i o  of 4 . 1 .  
solution and then carbonizing. 
d u r i n g  carbonization by reaction of a strong base w i t h  the  coa l .  As can be seen, 
higher ra tes  were achieved than in the  previous se r i e s .  
t h i s  char sample and i t s  loading reduced below 0.1,  the gas i f ica t ion  ra tes  f e l l  on 
the l inear  cor re la t ion  obtained fo r  a l l  the other carbons i n  Figs. 1 and 2 .  I t  i s  
possible in case A t ha t  carbons w i t h  l a rger  microlayers - and therefore fewer edge 
carbons - were able t o  form i n  the absence of the a lka l i  s a l t s .  However, the 
saturation l imi t  of a par t icu lar  carbon can be limited by physical a s  well as  
chemical e f fec ts .  We a l so  show gas i f ica t ion  r a t e s  for  SP-1 graphite fo r  comparison. 
Very few s i t e s  are available on t h i s  subs t ra te .  

K2C03 i s  predicted t o  be the  thermodynamically s tab le  s a l t  under gasification 
 atmosphere^.^ 
labelled with 1 4 C .  
10 minutes a t  temperatures above 40OOC. No 1 4 C  was detected in the form of CO or 
hydrocarbon products. The reaction temperature of 500°C i s  f a r  below the  decompo- 
s i t i on  o r  melting temperature of KzC03. 
can reac t  w i t h  I l l i no i s  coal a t  700°C i s  l imited.  
atom i s  present f o r  every 10 carbon atoms i n  the  resu l tan t  char,  no fu r the r  C02 i s  
l ibera ted  from the carbonate. 
reaction i s  reflected in the  gas i f ica t ion  r a t e ,  shown i n  F i g .  Z b  and 3b. 
parallelism strongly suggests t h a t  the  complex formed i n  the K2C03-carbon reaction 
i s  t he  s i t e  of gasification chemistry. 
reaction step i n  gas i f ica t ion ,  the  t ransfer  o f  oxygen t o  and from the  carbon surface,  
i s  catalyzed i n  an identical  manner t o  the  The reaction r a t e  
was monitored by the  appearance of 14C0 in Q4C02/C0 gas mixtures. A s imi la r  s e t  
of experiments performed in H20/D2 and D20/H2 mixtures gave s imi la r  r e su l t s .  
Oxygen exchange ra tes  on catalyzed activated charcoal a r e  included i n  panel 3C to  
show t h a t  t he  oxygen exchange ra tes  a re  independent of carbon subs t ra te .  We will  
discuss the r e l a t ive  ra tes  of the various elementary steps and t h e i r  mechanistic 
implications i n  the  following paper. 

I 
I 

I t  i s  a l so  generally found tha t  there i s  no major depend- 
Provided 

1 

Curve A resulted 

Similar r eac t iv i ty  to  the  previous cor re la t ion  was produced for  

Curve B i n  F i g .  2 shows r a t e s  f o r  a s e t  of 

Curve C r e su l t s  from digesting the  coal i n  concentrated KOH 
Note t h a t  t he  r a t e  now sa tura tes  a t  a 

T h e  hope was t o  s t a b i l i z e  more ca t a ly t i c  s i t e s  

When a lka l i  was washed off 

We heated I l l i n o i s  coal with K2CO3 in which the  carbonate carbon was 
The evolution of I4CO2 proceeds essent ia l ly  t o  completion in  

F i g .  3a shows t h a t  the amount of K2CO3 w h i c h  
When approximately one potassium 

The saturation behavior seen i n  the  KZCO3-carbon 
The 

Finally,  panel 3c shows t h a t  an important 

a s i f i ca t ion  ra te .  
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The above i n d i c a t e s  a unique, rep roduc ib le  degree o f  c a t a l y s t  d i s p e r s i o n  i n  
t h i s  system. We obta ined evidence t h a t  t h e  d i spe rs ion  i s  very h i g h  from po ison ing  
s t u d i e s  o f  t h e  H20-0, oxygen exchange reac t i on .  
proceeds w i t h  measurable r a t e s  a t  300%. 
r a t e  i s  analagous t o  t h a t  o f  oxygen exchange i n  14C02/C0 m ix tu res  and g a s i f i c a t i o n .  
We may the re fo re  suppose t h a t  t he  c a t a l y s t  i s  i n  t h e  same s t a t e  o f  d i s p e r s i o n  upon 
c o o l i n g  t o  3OO0C as a t  700OC. A t  3OO0C t h e  exchange r e a c t i o n  between H20 and D2 
can be poisoned by a d d i t i o n  o f  HC1. F igure 4 shows the  " t i t r a t i o n "  o f  r e a c t i v i t y  
by HC1 on a ca ta l yzed  I l l i n o i s  char  sample. 
HC1 breakthrough i s  seen u n t i l  t he  exchange a c t i v i t y  has been poisoned. A t  the 
end po in t ,  one HC1 molecule i s  adsorbed f o r  every two potassium atoms. The s t o i -  
chiometry o f  t he  po ison ing  r e a c t i o n  i s  independent o f  l oad ing  unless t h e  sample 
has been sa tu ra ted  w i t h  c a t a l y s t .  

I f  the  poisoned system i s  heated t o  temperatures >45OoC the  species can r e -  
ar range t o  form KC1, which can be seen by X-ray d i f f r a c t i o n ,  and l i b e r a t e  t h e  
remainder o f  the potass ium f o r  c a t a l y s i s .  
rough ly  one-hal f  t h a t  o f  t h e  o r i g i n a l  sample. When subsequently cooled t o  3OO0C 
the H20-O2 exchange r a t e  i s  a l so  one-ha l f  t h e  o r i g i n a l  value. Th is  a c t i v i t y  can 
again be t i t r a t e d  i n  a s i m i l a r  manner (see F igu re  4 ) .  Thus t h e  c a t a l y s t  
d i spe rs ion  based on HC1 chemisorpt ion i s  approx imate ly  one-hal f .  The h i q h  degree 
o f  d i s p e r s i o n  achieved by K2CO3 accounts f o r  t he  r e p r o d u c i b i l i t y  seen hei-e. 

A l k a l i  s a l t s  o f  s t rong  ac ids a r e  mNh l e s s  e f f e c t i v e  c a t a l y s t s  than t h e  car- 
bonate and o t h e r  s a l t s  o f  weak ac ids .  lb,d I n  a thermochemical sense s t a b l e  anions 
o f  s t rong  ac ids  p r o v i d e  a more a t t r a c t i v e  environment than the  carbon su r face  f o r  
t he  a l k a l i  i o n .  Thus KC1 remains as KC1 on the  carbon su r face  a t  K/C r a t i o s  below 
s a t u r a t i o n  values. This  i s  conf i rmed by X-ray d i f f r a c t i o n  o f  KC1 ca ta l yzed  samples. 
Much o f  t he  prev ious work i n  the l i t e r a t u r e  can be expla ined i n  t h i s  framework. 

CONCLUSION 

I n  the  absence o f  C02 t h i s  r e a c t i o n  
The load ing  dependence o f  t h i s  r e a c t i o n  

The r e a c t i o n  i s  q u a n t i t a t i v e  - no 

The g a s i f i c a t i o n  r a t e  a t  7OO0C i s  then 

Ac t i ve  potassium g a s i f i c a t i o n  c a t a l y s t s  a re  h i g h l y  d ispersed on t h e  carbon 
We b e l i e v e  t h a t  K2CO3 reac ts  w i t h  the  carbonaceous m a t e r i a l  t o  form subst rate.  

groups a t  t h e  edges o f  t h e  carbon m ic ro laye rs .  
dominant g a s i f i c a t i o n  chemis t r y  on amorphous carbons. 
the r e p r o d u c i b i l i t y  seen i n  t h i s  system. 
o t h e r  a l k a l i  s a l t s  can a l s o  be r a t i o n a l i z e d  by t h e i r  p ropens i t y  t o  r e a c t  w i t h  the 
carbon sur face.  I n  t h e  f o l l o w i n g  paper, we w i l l  d iscuss t h e  k i n e t i c s  of t h e  
i n d i v i d u a l  g a s i f i c a t i o n  r e a c t i o n s  i n  terms o f  t he  d i s c r e t e  s i t e  p i c t u r e  presented 
here. 

These a r e  t h e  s i t e s  o f  t h e  
T h i s  s e l f - d i s p e r s i o n  exp la ins  

The r e l a t i v e  c a t a l y t i c  a c t i v i t i e s  of 
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INTRODUCTION 

The k i n e t i c s  and mechanism o f  carbon g a s i f i c a t i o n  have been t h e  s u b j e c t  o f  
many i n v e s t i g a t i o n s .  
o f ten  compl icated by u n c e r t a i n t i e s  concern ing t h e  i d e n t i t y ,  a c t i v i t y ,  and number 
of g a s i f i c a t i o n  s i t e s .  I n  the  prev ious paper, a d i spe rsed  s i t e  p i c t u r e  was p re -  
sented f o r  c a t a l y s i s  o f  carbon g a s i f i c a t i o n  by potassium. 
wel l -def ined,  rep roduc ib le  system c o n s i s t i n g  o f  a p r e d i c t a b l e  number o f  essen- 
t i a l l y  e q u i v a l e n t  c a t a l y t i c  s i t e s ,  and i s  t h e r e f o r e  w e l l  s u i t e d  f o r  k i n e t i c  
s tud ies .  
( b e l i e v e d  t o  be an elementary s tep  i n  g a s i f i c a t i o n )  a t  t h e  c a t a l y t i c  s i t e s .  
paper W i l l  d iscuss those r e s u l t s  and some mechanis t ic  i m p l i c a t i o n s .  

EXPERIMENTAL 

K i n e t i c  measurements and mechanis t ic  i n t e r p r e t a t i o n s  a re  

Th is  appears t o  be a 

We have examined the  k i n e t i c s  o f  bo th  g a s i f i c a t i o n  and oxygen exchange 
Th is  

The k i n e t i c  exper iments were performed i n  a sma l l ,  atmospher ic pressure 
f i x e d  bed r e a c t o r  charged w i t h  about  0.25 g. o f  ca ta l yzed  char  o r  carbon. H20 
f rom a s y r i n g e  pump and o t h e r  gases metered through a gas m a n i f o l d  system were 
mixed and preheated i n  the  t o p  p o r t i o n  o f  t h e  r e a c t o r .  
moved f rom t h e  p roduc t  gas which was then f e d  d i r e c t l y  in to  a GC and/or MS f o r  
ana lys i s .  
w i t h  K2C03. d r i e d  i n  a vacuum oven, and d e v o l a t i l i z e d  under N2 a t  700oC f o r  30 
minutes . 

Unreacted H20 was r e -  

Both coa ls  and model carbons were impregnated t o  i n c i p i e n t  wetness 

RESiLTS AND DISCUSSION 

OVERALL KINETICS 

It i s  w e l l  known t h a t  g a s i f i c a t i o n  o f  carbon by Hz0 i s  h i g h l y  p roduc t  i n -  
h i b i t e d .  ( 1 )  F igu re  1 shows t h a t  t h e  g a s i f i c a t i o n  r a t e  increases l i n e a r l y  with 
t h e  ( H 2 0 ) / ( b )  r a t i o  over  a broad range. The impact o f  p roduc t  i n h i b i t i o n  must 
be c a r e f u l l y  cons idered when t r e a t i n g  the  k i n e t i c s  o f  these systems i n  i n t e g r a l  
reac to rs .  
i n  a p s e u d o - d i f f e r e n t i a l  mode by feed ing  a m i x t u r e  o f  H7.0 andHzacross  t h e  carbon 
bed a t  l ow  Hz0 convers ions and a t  s u f f i c i e n t  (H20)/(H2) r a t i o  so t h a t  t h e  r e -  
a c t i v i t y  o f  t h e  gas d i d  n o t  change s i g n i f i c a n t l y  across t h e  bed. 

Fo r  s i m p l i c i t y ,  t h e  k i n e t i c  data r e p o r t e d  i n  t h i s  paper were ob ta ined  
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I n  developing a mechanism f o r  g a s i f i c a t i o n ,  t h e  s t rong product i n h i b i t i o n  
must be explained. 
carbon oxides as g a s i f i c a t i o n  intermediates i s  t h e  key t o  many mechanist ic schemes. 
A simple sur face  ox ide  mechanism has been discussed f requen t l y  i n  t h e  l i t e r a t u r e :  (2 )  

The concept o f  gas/carbon oxygen exchange i n v o l v i n g  surface 

1) 
k l , O  
‘k-1 

H20 + F c + HZ OXYGEN EXCHANGE 

k2 
0 C ---+ CO + c SURFACE O X I D E  DECOMPOSITION 2 )  

I n  t h e  contex t  o f  t h e  dispersed s i t e  p i c t u r e  f o r  potassium ca ta l yz  d gas i f i ca -  
t i on ,  C i s  a carbon atom associated w i t h  an a c t i v e  c a t a l y t i c  s i t e ,  and 4 i s  the 
ox id i zed  form o f  t h e  a c t i v e  s i t e .  Upon decomposition o f  t h e  sur face  ox ide  a new 
s i t e  i s  regenerated perhaps as t h e  a l k a l i  specie becomes associated w i t h  another 
carbon. The number o f  a c t i v e  s i t es ,  C t ,  remains approximately constant up t o  h igh  
carbon conversions as r e f l e c t e d  by t h e  f l a t  g a s i f i c a t i o n  bu rno f f  curves discussed i n  
the  previous paper. 

According t o  t h i s  and s i m i l a r  mechanisms, t h e  g a s i f i c a t i o n  r a t e  i s  p ropor t iona l  
t o  the  number o f  su r face  oxides present under g a s i f i c a t i o n  cond i t ions ,  dc /d t  = ( e ) .  
This  scheme suggests t h a t  Hz i n h i b i t s  g a s i f i c a t i o n  by decreasing the  number o f  surface 
oxides through the  reverse oxygen exchange reac t ion .  (Several o the r  mechanisms have 
been proposed i n  which H2 i s  thought t o  b lock  a c t i v e  g a s i f i c a t i o n  s i t e s  through 
chemisorpt ion.(3))  I f  the  oxygen exchange reac t i on  i s  i n  e q u i l i b r i u m  and the  number 
o f  surface oxides i s  determined by  t h e  e q u i l i b r i u m  constant o f  reac t i on  1 ( i . e .  
(F) / (c )  = K1(H20)/(H2)) then the  r e l a t i v e  ra tes  o f  g a s i f i c a t i o n  o f  carbon by d i f f e r e n t  
reactants can be p r e d i c t e d  by t h e i r  r e l a t i v e  oxygen a c t i v i t i e s .  
r e l a t i v e  ra tes  o f  carbon g a s i f i c a t i o n  i n  H20 and D20 a t  t h e  same (H20)/(H2) and 
(D20)/(D2) r a t i o  would be given by t h e  r a t i o  o f  t h e  oxygen exchange equ i l i b r i um 
constants, i .e. 

For example, t h e  

RATE, HzO - K i ,  H20 
RATE, Dz0 K i ,  Dz0 

Th is  r a t i o  i s  equ iva len t  t o  t h e  e q u i l i b r i u m  constant f o r  t h e  reac t i on  H20 + D2eD20 + H z ,  
which can be c a l c u l a t e d  from thermchemical  data and i s  p l o t t e d  i n  F igure  2 as a func t i on  
of temperature. 
l i n e  i n  t h e  temperature range s tud ied .  
an important f a c t o r  i n  determining t h e  g a s i f i c a t i o n  r a t e .  Th is  supports the  idea t h a t  
H2 i n h i b i t i o n  occurs through reve rsa l  o f  oxygen exchange ra the r  than by s i t e  b lock ing  
due t o  chemisorpt ion.  

assuming a s i t e  ba lance C t  = T + 5, a Langmuir-Hinshelwood type r a t e  expression can 
be der ived ( 2 )  : 

The data f o r  t he  measured r a t e  r a t i o s  f a l l  very near the  pred ic ted  
Oxygen a c t i v i t y  there fore  does appear t o  be 

From t h e  simple sur face  ox ide  mechanism represented by Equations 1 and 2, 

k i  kz C t  (Hz0) 
d t  = kl(H20) + k-, (Hz) + kz- ’ 

3) 

For agreement w i t h  the ove ra l l  g a s i f i c a t i o n  k i n e t i c s ,  t h i s  expression must be reduced 
t o  a form which r e f l e c t s  the  l i n e a r  dependence o f  t h e  r a t e  on the  (H20)/(H2) r a t i o .  
Th i s  d i c ta tes  t h a t  t h e  km1(H2) term dominate the  denominator, i n  which case the r a t e  
equat ion reduces t o  
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The k- i (H2) term w i l l  outweigh t h e  o ther  terms i n  the  denominator i f  the  oxygen 
exchange reac t i on  i s  i n  equ i l i b r i um,  the  equ i l i b r i um constant i s  smal l ,  and the  
subsequent surface oxide decomposition i s  slow. 
dependence of t he  r a t e  on the  (H20)/(H2) r a t i o ,  Equation 4 a l so  r e f l e c t s  the  
l i n e a r  dependence o f  t he  r a t e  on c a t a l y s t  load ing  discussed i n  the  previous paper, 
and on the  oxygen a c t i v i t y  o f  t he  gas ( i .e.K1).  

understanding how a number o f  f a c t o r s  can in f l uence  the  g a s i f i c a t i o n  ra te .  
f u r the r  eva lua t ion  o f  t h i s  mechanism, t h e  assumptions which had t o  be made i n  
order t o  reduce t h e  r a t e  expression t o  a reasonable form must be tes ted .  
was done by studying the  k i n e t i c s  o f  the oxygen exchange reac t ion .  

OXYGEN EXCHANGE 

I n  a d d i t i o n  t o  p rov id ing  fo r  t h e  

Th is  s imple mechanism based on the  concept o f  oxygen exchange i s  useful i n  
For 

This 

The oxygen exchange reac t i ons  can be r e a d i l y  fo l lowed us ing  i s o t o p i c  exchange 
techniques. 
fed across the  carbon bed. Since, as i t  w i l l  be demonstrated, oxygen exchange i s  
very  f a s t  compared t o  g a s i f i c a t i o n ,  t h e  experiments can be performed a t  cond i t i ons  
where t h e  g a s i f i c a t i o n  r a t e  i s  n e g l i g i b l e .  I so top ic  scrambl ing occurs as H20 and 
02 undergo oxygen exchange w i t h  the cata lyzed carbon according t o  Equat ion 1. I n  
the  experiments the  water products (H20, HDO, and D 0) were t rapped o u t  of the  
product stream and the gas products (H,, HD, and D 2 j  were fed  d i r e c t l y  i n t o  a mass 
spectrometer f o r  ana lys is .  A t  g a s i f i c a t i o n  condi t ions,  s t a t i s t i c a l  scrambl ing o f  
the  isotopes between the  gas and water products was observed, i n d i c a t i n g  t h a t  t h e  
reac t i on  was i n  equ i l i b r i um.  
equ i l ib r ium,  the  r a t e  o f  oxygen exchange was ca l cu la ted  from the  r a t e  o f  appear- 
ance o f  H i n  the  gas products. (4 )  

Turnover ra tes  (per  C atom) f o r  H,O/c oxygen exchange were measured f o r  
I l l i n o i s  char as a func t i on  o f  K2C03 load ing  (expressed as K/C atomic r a t i o )  and 
a re  shown i n  F igure  3. The g a s i f i c a t i o n  r a t e  i s  p l o t t e d  as w e l l  f o r  comparison. 
The oxygen exchange r a t e  increases l i n e a r l y  wi th c a t a l y s t  load ing  u n t i l  s a t u r a t i o n  
which occurs a t  a K/C atomic r a t i o  o f  approximately 0.12/1. The f i gu re  inc ludes  
data f o r  several  o ther  carbon forms as w e l l .  Below c a t a l y s t  s a t u r a t i o n  the  oxygen 
exchange r a t e  shows very  l i t t l e  dependence on the  form o f  the  carbon subs t ra te .  
I n  both instances t h i s  p a r a l l e l s  the behavior o f  the  g a s i f i c a t i o n  r a t e  (as discuss- 
ed i n  previous paper), very  s t rong  evidence t h a t  oxygen exchange i s  occur r ing  a t  
the  g a s i f i c a t i o n  s i t e s .  Al though they were measured a t  a lower temperature, t he  
ra tes  o f  oxygen exchange were considerably h igher  than the  g a s i f i c a t i o n  ra tes ,  
i n d i c a t i n g  t h a t  the  measured oxygen exchange i s  no t  r a t e  c o n t r o l l i n g  i n  g a s i f i -  
ca t ion .  

For the  case of  H,O/c oxygen exchange, a m ix tu re  o f  H20 and D2 i s  

Under cond i t ions  a t  which the  reac t i on  was no t  a t  

The k i n e t i c s  o f  oxygen exchange occur r ing  a t  the g a s i f i c a t i o n  s i t e s  a re  i m -  
po r tan t  i n  developing and eva lua t ing  an o v e r a l l  g a s i f i c a t i o n  mechanism. 
shows t h a t  oxygen exchange i s  f i r s t  order i n  (D2) and e s s e n t i a l l y  independent o f  
(H20): I n  terms o f  t he  s imple oxygen exchange model, oxygen exchange occurs v i a  
Equation 1, and a Langmuir-Hinshelwood type expression can be der ived  f o r  the r a t e  
o f  oxygen exchange: 

F igure  4 

L.. 0 
H20 + C 7 H 2 + i 5  

5) 
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For the model t o  be c o n s i s t e n t ,  t he  cond i t i ons  imposed on the  va r ious  r a t e  co- 
e f f i c i e n t s  i n  d e r i v i n g  the o v e r a l l  r a t e  express ion (Equations 3 and 4) must 
a p p l y  here as we l l .  Th i s  r e q u i r e s  that the  k-1(H2) term aga in  dominate the  
denominator, i n  which case Equat ion 5 reduces t o  

RATE = k i (HzO)Ct  6) 

Th is  p r e d i c t s  t h a t  t h e  oxygen exchange r a t e  should be f i r s t  o rde r  i n  (H20), i n  
d i r e c t  c o n f l i c t  wi th the  da ta  shown i n  F igu re  4. 
made i n  d e r i v i n g  a reasonable r a t e  express ion f rom t h e  s imple model were there-  
f o r e  i n c o r r e c t ,  i n d i c a t i n g  t h a t  t he  simple model cannot adequate ly  descr ibe the  
system. 
c o n c i l e  the data,  and these w i l l  be the  s u b j e c t  o f  f u t u r e  s t u d i e s .  

The assumptions which were 

More complex oxygen exchange models can be v i s u a l i z e d  which could r e -  

K i n e t i c  s t u d i e s  o f  g a s i f i c a t i o n  and oxygen exchange i n  the  C02-carbon system 
have a l so  been performed as p a r t  o f  t h i s  i n v e s t i g a t i o n .  
mechanism f o r  C02 g a s i f i c a t i o n  analogous t o  t h a t  d iscussed here f o r  H20 g a s i f i c a -  
t i o n  has been proposed i n  t h e  l i t e r a t u r e  ( 2 ) .  
analogy between t h e  two systems. 
drawn f o r  t h e  C02-carbon system were e s s e n t i a l l y  i d e n t i c a l  t o  those discussed 
here f o r  t h e  H20-carbon system. 

An oxygen exchange 

Our r e s u l t s  do suppor t  a s t rong  
The k i n e t i c  r e s u l t s  and mechanis t ic  i m p l i c a t i o n s  

CONCLUSIONS 

Oxygen exchange i s  ca ta l yzed  by the potassium g a s i f i c a t i o n  c a t a l y s t  and 

Th is  i m p l i e s  the p a r t i c i p a t i o n  o f  a c r i t i c a l  su r face  
However, t h i s  c r i t i c a l  ox ide  does n o t  r e a c t  w i t h  the  gas 

occurs a t  t h e  same s i t e s  as g a s i f i c a t i o n .  Product i n h i b i t i o n  o f  g a s i f i c a t i o n  
occurs through r e v e r s a l  of t h e  oxygen exchange r e a c t i o n  by the  p roduc t  r a t h e r  
than by chemiso rp t i on .  
ox ide  i n  g a s i f i c a t i o n .  
phase v i a  Equat ion 1 as the  dominant mode o f  oxygen exchange. 
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BOTTOMS RECYCLE STUDIES I N  THE EDS PROCESS DEVELOPMENT 

L. L. Ansel l ,  J. W .  Taunton and K. L. Trachte 

Exxon Research and Engineer ing Company 
P. 0. Box 4255 
Baytown, Texas 77520 

Th is  paper w i l l  p resent  t he  recent  s t a t u s  o f  developments i n  moving t h e  Exxon Donor 
Solvent  coa l  l i q u e f a c t i o n  technology t o  comnercial readiness. 
r e s u l t s  f rom t h e  operat ions o f  t o t a l l y  i n t e g r a t e d  coal  l i q u e f a c t i o n  p i l o t  p l a n t s  i n  
which t h e  vacuum tower bottoms a re  recyc led  back t o  t h e  l i q u e f a c t i o n  r e a c t o r  system. 
The paper w i l l  g i v e  an overview o f  t h e  EDS coa l  l i q u e f a c t i o n  process and w i l l  p resent  
se lec ted  r e s u l t s  o f  t he  vacuum bottoms r e c y c l e  s tud ies  t h a t  have been undertaken t o  
date. I n  d i scuss ing  these s tud ies,  coa l  feed f l e x i b i l i t y ,  y i e l d  and product  f l e x i -  
b i l i t y  and p i l o t  u n i t  o p e r a b i l i t y  w i l l  be stressed. F i n a l l y ,  these r e s u l t s  w i l l  be 
summarized w i t h  a s h o r t  d i scuss ion  o f  t he  b e n e f i t s  and issues i n v o l v e d  i n  EDS bottoms 
r e c y c l e  development. 

I n  t h e  f i r s t  f i g u r e  op t i ons  a v a i l a b l e  w i t h  t h e  EDS process i n v o l v i n g  l i q u e f a c t i o n  and 
bottoms process ing technologies necessary t o  p rov ide  t h e  requ i red  f u e l  and hydrogen 
a r e  shown. 

I n  t h e  EDS process, coal  i s  s l u r r i e d  w i t h  a hydrogen donor so l ven t .  T h i s  s l u r r y  i s  
fed i n  admixture w i t h  molecular  hydrogen t o  t h e  l i q u e f a c t i o n  system. The r e a c t i o n  
products a r e  separated by convent ional  f r a c t i o n a t i o n  s teps i n t o  gases, l i q u i d s  and a 
vacuum bottoms stream. P a r t  o f  t he  l i q u i d  stream i s  c a t a l y t i c a l l y  hydrogenated i n  a 
f i x e d  bed, hydrogenation r e a c t o r  i n  t h e  presence o f  molecular  hydrogen and becomes 
t h e  donor so lvent .  The hydrocarbon gas can be reformed t o  produce process hydrogen, 
i t  can be so ld  o r  i t  can be burned as a process f u e l  gas. 
product  f rom the  EDS process and a r e  q u a l i t y  d i s t i l l a t e s  b o i l i n g  below 1000°F. 
Options f o r  the vacuum bottoms i n c l u d e  p a r t i a l  recyc le,  feed t o  a FLEXICOKING u n i t  
which produces l i q u i d s  and process f u e l  gas o r  feed t o  a p a r t i a l  o x i d a t i o n  u n i t  t o  
produce hydrogen o r  fuel gas. 
i s  n o t  s u f f i c i e n t  t o  meet t h e  necessary f u e l  and hydrogen requirements, a d d i t i o n a l  
coa l  can be used as feed t o  a p a r t i a l  o x i d a t i o n  u n i t  t o  supplement hydrogen and fuel 
manufacture. 

Th is  paper w i l l  address r e s u l t s  from t h e  l i q u e f a c t i o n  s tep i n  the  EDS process; o r  i n  
F igu re  1, t h e  shaded p o r t i o n .  
comparative purposes on ly .  

I n  t h e  development o f  t h e  EDS process, ex tens i ve  use has been made o f  smal l  i n t e g r a t e d  
coa l  l i q u e f a c t i o n  p i l o t  p l a n t s  o f  75 pound-per-day and 1 ton-per-day feed  coa l  capaci- 
t i e s .  I n  
t h e  s l u r r y  p repara t i on  area, coal  i s  s l u r r i e d  w i t h  a r e c y c l e  donor so l ven t .  The smal ler  
u n i t  uses a batch p repara t i on  technique i n v o l v i n g  manual a d d i t i o n  o f  t h e  so l ven t ,  
crushed coa l  and bottoms ( i f  r ecyc led )  on a s i x -hou r  frequency. The l a r g e r  1 ton-per- 
day u n i t  has continuous s l u r r y  p repara t i on .  
us ing  h igh  pressure p o s i t i v e  displacement pumps. 

The s l u r r y  i s  mixed w i t h  hydrogen be fo re  preheat ing and f e d  t o  t u b u l a r  upf low reac to rs  
i n  both u n i t s .  The r e a c t o r s  a re  staged t o  achieve the  des i red  nominal res idence t i m e  
under s tudy and the  stages a r e  connected by t u b u l a r  t r a n s f e r  1 ines.  

The l i q u e f a c t i o n  r e a c t o r  e f f l u e n t  i s  separated by a s e r i e s  o f  convent ional  f r a c t i o n a t i o n  
steps. Gases a r e  separated by h i g h  and low pressure f lashes.  
m ine ra l  m a t t e r  a r e  separated from t h e  heavier  coal  l i q u i d s  by r e c y c l e  gas s t r i p p i n g  i n  
t h e  sma l le r  u n i t  and by vacuum d i s t i l l a t i o n  i n  the  1 ton-per-day u n i t .  

I t  w i l l  d iscuss 

L iqu ids  a r e  the  u l t i m a t e  

For operat ions where the  vacuum bottoms p roduc t i on  

References w i l l  be made t o  bottoms process ing f o r  

The key fea tu res  o f  these p i l o t  p l a n t s  a r e  shown schemat i ca l l y  i n  F igu re  2. 

Both u n i t s  feed f rom a s l u r r y  h o l d i n g  tank 

The unconverted coal and 

Products a re  
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sp l i t  into naphtha and d i s t i l l a t e  us ing  f rac t iona t ion  towers on both units. 
of the d i s t i l l a t e  i s  used f o r  producing the  recycle solvent.  

This unhydrogenated d i s t i l l a t e  i s  introduced w i t h  molecular hydrogen in to  a con- 
ventional fixed-bed c a t a l y t i c  reactor.  The hydrogenation conditions a re  tailored 
to  produce the recycle solvent of the r igh t  spec i f ica t ion ,  and t h i s  donor solvent 
is  then used f o r  s lur ry ing  the crushed coal.  

In Figure 3 ,  one of the very important f indings obtained ear ly  in the bottoms re- 
cycle studies i s  shown. These data show t h a t  coal conversion with vacuum bottoms 
recycle i s  very sens i t i ve  t o  the  l iquefaction conditions.  
pyridine insoluble f r ac t ion  i n  the vacuum bottoms, on a DAF coal basis,  i s  plotted 
aga ins t  the hours of onstream p i l o t  plant bottoms recycle operations. This data 
is  f o r  West Virginia coal (Ireland mine) and was obtained from operations using the 
75 pound-per-day p i l o t  un i t .  As was discussed above, t he  75 pound-per-day p i lo t  
u n i t  u t i l i z e s  a batch s lu r ry  preparation technique. T h i s  i s  important because i t  
influences the amount of time required fo r  equi l ibra t ion  of the  bottoms stream. 
This i s  evident from the very early period of time when the bottoms recycle mode of 
operations was j u s t  s t a r t i n g .  During t h i s  period, the data show the pyridine in- 
solubles a r e  about 4-5% on a DAF coal basis.  As time progresses, the pyridine in- 
solubles a re  observed t o  be increasing w i t h  time. T h i s  i s  ind ica t ive  of r e t ro -  
gradive reactions taking place i n  the l iquefaction system and i s  a r e su l t  of the 
necessary hydrogen not being available f o r  quenching the reactive coal fragments. 
Consequently, the  formation of pyridine insolubles increased t o  an equilibrated 
level of about 8% as  the bottoms recycle operation was continued. In Figure 3 ,  
spot samples a r e  shown as points,  bars indicate periods during the operation used 
for  material balance purposes. During this period of time there was no observed 
change in coal conversion over tha t  observed from coal-only operations due t o  these 
retrogradive reactions taking place. After returning t o  coal-only operations in 
which the recycle of the bottoms was discontinued, the pyridine insolubles i n  the 
bottoms dropped back t o  t h e i r  previous level of around 4-5%. 

The data was i n i t i a l l y  puzzling b u t  in f a c t  helped in understanding the phenomena 
tha t  were occurring. 
to  hydrogen a v a i l a b i l i t y .  By increasing pressure and solvent-to-coal-to-bottoms 
r a t i o  a continuation of the low pyridine insoluble content in the bottoms product 
was realized. This i s  a l so  shown in Figure 3 and comes from the f a c t  t h a t  additional 
hydrogen i s  being supplied from the gas phase as  molecular hydrogen and from the 
l iqu id  phase due t o  the  higher level of donatable hydrogen present w i t h  the solvent. 
A t  the higher solvent r a t e s  and higher pressure t h a t  were employed i n  t h i s  successful 
bottoms recycle experiment, the coal conversion did increase. Discussion of the 
additional conversion from bottoms recycle will be presented i n  de t a i l  subsequently. 

This study has been expanded from the West Virginia coal t o  include other coals i n -  
cluding an I l l i n o i s  No. 6 coal and the Wyoming coal. 
ventional coal-only data a r e  shown i n  Figure 4. 

I n  Figure 4 ,  the 1000°F+ liquefaction conversion on a DAF coal basis obtained from 
the integrated p i lo t  plants i s  presented. Here both the coal-only and bottoms re- 
cycle operations unde r  EDS l iquefaction conditions a re  shown. H i g h  conversions f o r  
a l l  the  coals i n  the  range of 55-65% DAF coal a r e  obtained w i t h  coal-only operations 
with the exception of the I l l i n o i s  No. 6 Burning S ta r  coal.  These include b i t u m i n o u s ,  
subbituminous and l i g n i t i c  coals and confirm the  f a c t  the  EDS process on  a coal-only 
basis i s  applicable t o  a wide variety of coals.  
recycle operations show substantial  increases i n  the conversion of the coal f o r  th ree  
of t h e  coals:  the I l l i n o i s  No. 6 and West Virginia bituminous coals and the Wyoming 
subbituminous coal. 

Part 

I n  this f igure ,  the 

Ear l ie r  work had suggested the sens i t i v i ty  of bottoms recycle 

These data along w i t h  con- 

The i n i t i a l  data on the bottoms 
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In  F igu re  5, r e s u l t s  a r e  p rov ided  t h a t  show t h e  l i q u i d  y i e l d s  f o r  t h e  conversion 
cond i t i ons  t h a t  were discussed p rev ious l y .  Despi te  t h e  f a c t  t h a t  t h e r e  a re  d i f f e r -  
ences i n  l i q u e f a c t i o n  l i q u i d  y i e l d s  f o r  each o f  t h e  coals ,  a d d i t i o n a l  l i q u i d s  can 
be recovered from t h e  FLEXICOKING opera t i on  on the  bottoms t o  g i v e  t o t a l  l i q u i d s  of 
about 45-55% o f  DAF coa l  f o r  a l l  of t h e  EDS program coals .  
l i q u i d  y i e l d s  o f  t h e  same magnitude a r e  achieved f rom t h e  l i q u e f a c t i o n  step. 
Add i t i ona l  data w i l l  be for thcoming t o  d e f i n e  what a d d i t i o n a l  l i q u i d s  can be 
recovered from FLEXICOKING o f  vacuum bottoms from bottoms r e c y c l e  operat ions.  

I n  summary, p i l o t  p l a n t  s tud ies  have s u c c e s s f u l l y  conf i rmed t h a t  t h e  EDS process 
i s  f l e x i b l e  t o  process a wide v a r i e t y  o f  coals .  I n  t h e  75 pound-per-day u n i t  a l l  
Of  t h e  EDS p r o j e c t  coa ls  have been processed t o  h igh  y i e l d s  o f  l i q u i d  products .  
I n  t h e  1 ton-per-day u n i t ,  i n v e s t i g a t i o n  o f  t h ree  EDS p r o j e c t  coals  has confirmed 
the  l i q u i d  y i e l d s  f rom t h e  sma l le r  u n i t .  A d d i t i o n a l  s tud ies  t o  i n v e s t i g a t e  the 
remainder of the coa ls  a r e  planned u s i n g  t h e  1 ton-per-day p i l o t  p l a n t .  

I n i t i a l  p i l o t  p l a n t  s t u d i e s  i n d i c a t e  t h a t  bottoms r e c y c l e  may be an a t t r a c t i v e  mode 
Of operat ions.  This  i s  based on data from t h e  75 pound-per-day u n i t  f o r  t h r e e  
EDS p r o j e c t  coa ls - - the  I l l i n o i s ,  t h e  West V i r g i n i a ,  and t h e  Wyoming coa ls  and data 
from the  1 ton-per-day u n i t  f o r  t he  I l l i n o i s  and Wyoming coals .  
cuss ion o f  these data w i l l  f o l l o w .  

The p i l o t  u n i t  data i n d i c a t e  t h e r e  i s  a syngerism between h ighe r  pressure and 
bottoms r e c y c l e  which leads t o  the  h i g h e r  convers ion and l i q u i d  y i e l d s .  
autoc lave s tud ies,  a l t hough  n o t  covered here, i n d i c a t e  bottoms r e c y c l e  i s  genera l l y  
a p p l i c a b l e  under EDS c o n d i t i o n s  t o  a l l  t he  coa ls  discussed here. 

I n  F igu re  6, data showing the  product  d i s t r i b u t i o n s  f rom bottoms r e c y c l e  operat ions 
w i t h  I l l i n o i s  No. 6 b i tuminous coa l  f rom t h e  Monterey No. 1 mine i s  presented. The 
product  y i e l d s  i n  w t  % based on t h e  d r y  coa l  f e d  t o  t h e  u n i t  a r e  shown f o r  d i f f e r e n t  
ope ra t i ng  cond i t i ons  and f o r  t he  d i f f e r e n t  u n i t s .  
prev ious base s e t  o f  coa l -on l y  ope ra t i ons  which r e s u l t e d  i n  a l i q u i d  y i e l d  of  
approx imate ly  34% on d ry  coa l .  
a t  840°F, 60 minutes res idence t ime, a t  1500 pounds pressure. I n  t h e  bottoms 
r e c y c l e  mode o f  ope ra t i on  a t  2000 p s i  an a d d i t i o n a l  7% l i q u i d s  and an a d d i t i o n a l  
10% C1-C3 gas i s  obta ined.  
o f  about 3 w t  % on coa l .  
per-day u n i t  and s i m i l a r  r e s u l t s  a r e  obta ined from the  operat ions o f  t h e  1 ton-per- 
day u n i t  as shown i n  the  companion f i g u r e .  
t he  h igher  pressure. 
t h e  increase i n  C1-C3 gas. 
hydrogen consumption i s  t h e r e  a lso.  
the amount of C4-40D°F naphtha i s  observed compared t o  coa l -on l y  ope ra t i ons .  

I n  F igu re  7, s i m i l a r  data a r e  shown b u t  f o r  t h e  Wyoming subbituminous coa l  from the 
Wyodak mine. 
bo th  the  75 pound-per-day u n i t  and t h e  1 ton-per-day p i l o t  u n i t  a r e  shown. 
l i q u e f a c t i o n  c o n d i t i o n s  have been changed t o  800°F, 100 minutes. 
per-day u n i t  and f o r  coa l -on l y  ope ra t i ons  a t  1500 p s i  approx imate ly  29% l i q u i d s  a re  
obtained, f o r  coa l -on l y  ope ra t i ons  a t  2500 pounds the  l i q u i d s  a re  increased t o  
about 34%. For bottoms r e c y c l e  a t  2500 pounds an a d d i t i o n a l  7% l i q u i d s  were r e -  
covered t o  t o t a l  42% based on d ry  coa l .  
by a s i g n i f i c a n t  increase i n  the f r a c t i o n  i n  t h e  Cq-400 naphtha and a l s o  i n  the  
C1-C3 gas. As would be expected these increases a r e  accompanied by an increase i n  
hydrogen consumption as was observed w i t h  t h e  I l l i n o i s  Monterey coa l .  
t he  1 ton-per-day u n i t  g i ves  s i m i l a r  t o t a l  l i q u i d  y i e l d s  o f  around 43%. 
d i s t r i b u t i o n  i s  s l i g h t l y  d i f f e r e n t  i n  t h a t  t h e r e  i s  l e s s  o f  t h e  Cq-400 naphtha and 
l e s s  o f  t he  C1-C3 gas. 
ope ra t i on  w i t h  the  da ta  f rom 1500 pounds pressure opera t i on  f o r  t h e  Wyodak coal .  

For bottoms recyc le,  

A d d i t i o n a l  d i s -  

Small 

Comparison i s  made between a 

These y i e l d s  were achieved f o r  coa l -on l y  cond i t i ons  

Th is  i s  counterbalanced by increased hydrogen consumption 
These data have been taken from opera t i ons  o f  t h e  75 pound- 

Here we do have a d i r e c t  comparison a t  
No t i ce  t h a t  t h e  increase i n  l i q u i d s  i s  mainta ined a long w i t h  

I n  data from bo th  p i l o t  u n i t s ,  an increase i n  
As would be expected, t h e  corresponding i nc rease  i n  

The product  y i e l d s  f o r  coa l -on l y  and bottoms r e c y c l e  c o n d i t i o n s  from 
Here the 

From the  75 pound- 

The increase i n  l i q u i d  y i e l d s  i s  accompanied 

The data from 
The product  

Here the  comparison i s  data f rom 2000 pounds pressure 
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The r e s u l t s  i n  F igure 8 a r e  presented t o  show a wide range o f  f l e x i b i l i t y  w i t h  the 
bottoms recyc le  mode o f  o p e r a t i o n  t o  a l t e r  t h e  product  s l a t e  from e s s e n t i a l l y  an 
a l l  naphtha s l a t e  t o  one i n  which the  naphtha content  i s  approx imate ly  50%. One 
s e t  o f  data a r e  from t h e  75 pound-per-day u n i t  and one s e t  f rom the  1 ton-per-day 
u n i t  and i t  i s  expected t h a t  t h e r e  w i l l  be s l i g h t  d i f f e r e n c e s  i n  comparison b u t  
t h e  general theme o f  t h e  f l e x i b i l i t y  t o  change the  product  s l a t e  s i g n i f i c a n t l y  i s  
v a l i d .  Not ice t h a t  t h e  h i g h  l i q u i d  y i e l d s  t h a t  were shown p r e v i o u s l y  a re  mainta ined 
a t  t he  42-44 w t  % on a d r y  coa l  bas is .  The a l l  naphtha p roduc t  s l a t e  shows ac- 
companying h i g h  C1-C3 gas y i e l d s .  
naphtha i s  o n l y  about 50% and the  400-10OO0F l i q u i d  i s  on t h e  o rde r  o f  50%. For 
the  opera t i ng  cond i t i ons  l e a d i n g  t o  t h i s  product  s l a t e ,  t h e  gas i s  s u b s t a n t i a l l y  
reduced. 

I n  summary, t h e  EDS bottoms r e c y c l e  ope ra t i ons  impact on t h e  y i e l d  and product  
f l e x i b i l i t y  t h a t  can be ob ta ined  i n  t h e  EDS process. 
p rov ide  increased l i q u i d  y i e l d s  o f  about 8-10 w t  % on d ry  coa l  and the re  i s  a general 
t r e n d  toward a l i g h t e r  p roduc t  s l a t e .  
b i l i t y .  Resul ts  showing an  a l l -naphtha p roduc t  and a naphtha/ fue l  o i l  product  have 
been presented. A d d i t i o n a l  s tud ies  a r e  c u r r e n t l y  underway aimed a t  a n a p h t h a / d i s t i l -  
l a t e  product .  This would produce a product  o f  a l l  700°F- m a t e r i a l ;  p a r t  of which 
would be naphtha, p a r t  o f  which would be 400-700 d i s t i l l a t e .  The bottoms r e c y c l e  
mode o f  operat ions has been shown t o  be a p p l i c a b l e  t o  t h r e e  coals- - two bituminous 
coa ls  and a subbituminous c o a l .  
l i q u e f a c t i o n  s tud ies,  bottoms recyc le  should be a p p l i c a b l e  t o  a l l  coa ls  t h a t  a r e  
be ing i n v e s t i g a t e d  i n  the  EDS p r o j e c t .  
s tud ies .  

I t  i s  now approp r ia te  t o  r e t u r n  t o  t h e  d i scuss ion  o f  t he  vacuum bottoms produced 
from coa l -on l y  and bottoms r e c y c l e  operat ions.  
i n i t i a l  s tud ies  o f  bottoms r e c y c l e  operat ions f o r  t he  West V i r g i n i a  P i t t s b u r g h  
seam coa l ,  increases i n  p y r i d i n e  i n s o l u b l e s  due t o  r e t r o g r a d i v e  r e a c t i o n s  were 
o c c u r r i n g  a t  c o n d i t i o n s  n o t  optimium f o r  bottoms r e c y c l e  operat ions.  
shown i n  F igure 9 a re  f o r  t h e  I l l i n o i s  No. 6 bituminous coal  from b o t h  t h e  75 
pound-per-day p i l o t  u n i t  and t h e  1 ton-per-day p i l o t  p l a n t .  Fo r  a l l  operat ions,  
t he  p y r i d i n e  i n s o l u b l e s  a r e  approx imate ly  the  same; i n  t h e  range o f  about 16% of 
t he  1000°F+ organics i n  t h e  vacuum bottoms. The asphaltenes which a r e  the  benzene 
s o l u b l e  f rac t i ons  o f  t h e  bottoms a r e  on t h e  o rde r  o f  25-55% o f  the bottoms and the 
preasphaltenes are on the  o r d e r  o f  55-25% o f  t he  bottoms. 
r e c y c l e  a t  t h e  h ighe r  p ressu re  s i g n i f i c a n t l y  improves t h e  q u a l i t y  o f  t he  bottoms 
as shown by t h e  i nc rease  i n  asphaltene con ten t  o f  t he  bottoms when compared t o  
t h e  coal -on ly  bottoms. 
bottoms hand1 i n g  p r o p e r t i e s .  

A d d i t i o n a l  da ta  o f  t h i s  same na tu re  i s  shown i n  F igu re  10 f o r  t h e  Wyoming sub- 
bituminous coa l .  
P i l o t  u n i t  and the  1 ton-per-day p i l o t  p l a n t  i s  presented. 
day P i l o t  u n i t ,  t h e  da ta  a t  2500 p s i  show a d d i t i o n a l  increases i n  t h e  asphaltene 
con ten t  when bottoms r e c y c l e  i s  compared t o  coa l -on l y  ope ra t i ons .  
t h e  p y r i d i n e  i n s o l u b l e s  f o r  Wyodak bottoms a r e  h i g h e r  than f o r  t he  I l l i n o i s  bottoms 
and a r e  approx imate ly  20% o f  t he  DAF lOOO"F+ bottoms. 
i n  the  asphaltene con ten t  based on the  increased pressure; no te  t h a t  i n  t h e  data 
from t h e  75 pound-per-day p i l o t  u n i t ,  t he  asphaltenes i nc rease  f rom about 20% t o  
about 43% f o r  coa l -on l y  ope ra t i ons  by i nc reas ing  t h e  pressure f rom 1500 p s i  t o  
2500 Ps i .  A d d i t i o n a l  improvements i n  t h e  bottoms q u a l i t y  i s  obta ined by incorpo-  
r a t i n g  bottoms r e c y c l e  i n t o  the  opera t i ons .  A s i m i l a r  r e l a t i o n s h i p  f o r  t he  1 ton- 
per-day U n i t  i s  observed a l though  the  coa l -on l y  data a t  2000 p s i  i s  n o t  a v a i l a b l e .  

I n  F igu re  11, t he  r e s u l t s  o f  the improved bottoms cha rac te r  i s  shown. 
i n  t h i s  f i gu re  show the  vacuum tower bottoms v i s c o s i t y  i n  po ise,  measured a t  550°F 

For t h e  naphtha/ fue l  o i l  product  s l a t e ,  t he  

Bottoms r e c y c l e  operat ions 

Bottoms r e c y c l e  has p rov ided  product  f l e x i -  

As mentioned p rev ious l y ,  based on smal l  sca le  bench 

Th is  i s  an a d d i t i o n a l  t a r g e t  o f  t h e  c u r r e n t  

As d iscussed p rev ious l y ,  i n  the 

The r e s u l t s  

The use o f  bottoms 

T h i s  has l e d  t o  b e t t e r  p i l o t  p l a n t  ope ra t i ons  and improved 

Here a g a i n  comparison o f  data f o r  bo th  t h e  75 pound-per-day 
For  the  75 pound-per- 

I n  t h i s  f i gu re ,  

There i s  s i g n i f i c a n t  change 

The data 
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and 21 r e c i p r o c a l  seconds shear r a t e  as a f u n c t i o n  o f  t h e  amount o f  l i q u i d s  t h a t  
a r e  l e f t  i n  t h e  vacuum tower bottoms. 
b o i l i n g  i n  the  850-1200°F temperature range. 
data: 

I n  F igure 11, data from two d i f f e r e n t  pressure l e v e l s  a r e  be ing compared. 
e f fec t  of h ighe r  pressure on coa l -on l y  data would be t o  move t h e  coa l -on l y  cu rve  
d i r e c t i o n a l l y  toward the  bottoms recyc le  curve. 
a d d i t i o n a l  data, these data se ts  are no t  expected t o  be i d e n t i c a l .  
on t h i s  s l i d e  i n d i c a t e  t h a t  t he  cond i t i ons  o f  t h e  vacuum tower may be re laxed  t o  
g i v e  a s i m i l a r  amount o f  l i q u i d s  i n  t h e  bottoms f o r  bo th  coa l -on l y  and bottoms 
r e c y c l e  b u t  have a s u b s t a n t i a l  decrease i n  bottoms v i s c o s i t y  f o r  bottoms r e c y c l e .  

I n  F igure 12, s i m i l a r  data f o r  Wyoming subbituminous coa l  i s  shown. 
ove r lap  i n  t h e  two data se ts  which was no t  observed w i t h  t h e  I l l i n o i s  coal operat ions.  
The v i s c o s i t i e s  f o r  bottoms r e c y c l e  de r i ved  bottoms a re  considered t o  be comparable 
o r  lower than those f o r  coa l -on l y  de r i ved  bottoms. Here the re  i s  cons ide rab le  
s c a t t e r  observed f o r  t he  coa l -on l y  v i s c o s i t i e s .  This  i s  con t ras ted  t o  r e l a t i v e l y  
t i g h t  band of data f o r  bottoms r e c y c l e  operat ions.  This  consis tency of t h e  bottoms 
r e c y c l e  data compared t o  coa l -on l y  data on v i s c o s i t i e s  i s  i n d i c a t i v e  o f  t h e  r e l a -  
t i v e l y  un i form vacuum tower ope ra t i on  du r ing  bottoms recyc le .  The bottoms produced 
from bottoms recyc le  ope ra t i ons  w i t h  Wyoming coal  have e s s e n t i a l l y  t he  same v i s -  
c o s i t y  as the  bottoms from t h e  Monterey coal under coa l -on l y  cond i t i ons .  

A l t e r n a t i v e  t o  ope ra t i ng  the  vacuum tower i n  a manner t o  d e l i v e r  products  w i t h  a 
s i n g l e  l i q u i d  content  t h e r e  i s  t h e  o p p o r t u n i t y  t o  d e l i v e r  bottoms a t  a spec i f i ed  
v i s c o s i t y .  For  t h i s  case, t h e  bottoms from bottoms r e c y c l e  ope ra t i ons  w i l l  have 
l e s s  l i q u i d  assoc ia ted  w i t h  them compared t o  the bottoms f rom t h e  coa l -on l y  oper- 
a t i ons .  
r e c y c l e  as opposed t o  the  coa l -on l y  case. 

I n  summarizing, o p e r a b i l i t y  advantages have been observed du r ing  bottoms r e c y c l e  
s tud ies.  Smoother p i l o t  p l a n t  operat ions have been observed due i n  p a r t ,  t o  h ighe r  
asphaltene con ten t  o f  t h e  bottoms which i m p l i e s  fewer degradat ive reac t i ons .  
vacuum tower operat ions have been more s t a b l e  which p robab ly  f o l l o w s  from the  lower  
bottoms v i s c o s i t y  and h ighe r  asphaltene content .  Record opera t i ng  t imes i n  bo th  t h e  
75 pound-per-day u n i t  and t h e  1 ton-per-day u n i t  have been achieved w i t h  bottoms 
recyc le .  

Overa l l ,  t h e r e  a r e  b e n e f i t s  from bottoms r e c y c l e  operat ions bu t  t he re  a r e  s t i l l  
concerns t h a t  must be addressed. Bottoms r e c y c l e  ope ra t i ons  r e s u l t  i n  h ighe r  
conversions f o r  t h r e e  d i f f e r e n t  coa ls .  Bench sca le  l a b o r a t o r y  s t u d i e s  imp ly  
general coal  a p p l i c a b i l i t y  o f  t h e  bottoms r e c y c l e  mode o f  operat ions,  and t h e  
a d d i t i o n a l  coa ls  a re  under i n v e s t i g a t i o n .  Product  s l a t e  f l e x i b i l i t y  has been 
demonstrated and naphtha and naphtha/fuel o i l  p roduc t  s l a t e s  produced f r o m  oper- 
a t i o n s  o f  t h e  i n t e g r a t e d  coa l  l i q u e f a c t i o n  p i l o t  p lan ts .  Operat ing c o n d i t i o n s  
f o r  n a p h t h a / d i s t i l l a t e  p roduc t  s l a t e  a re  under i n v e s t i g a t i o n .  S i g n i f i c a n t  p i l o t  
p l a n t  o p e r a b i l i t y  b e n e f i t s  o f  longer ,  smoother ope ra t i ons  due t o  t h e  improved 
bottoms cha rac te r  have been observed. These b e n e f i t s  should t r a n s l a t e  i n t o  
o p e r a b i l i t y  advantages f o r  t h e  l a r g e r  250 ton-per-day p i l o t  p l a n t .  

Commercial a p p l i c a t i o n  o f  EDS bottoms r e c y c l e  w i l l  r e q u i r e  reassessment o f  t he  
process bases. The increased hydrogen consumption w i l l  r e q u i r e  reba lanc ing  o f  
t h e  hydrogenl fue l  supply. The processabi l i t y  o f  h ighe r  ash c o n t a i n i n g  streams 
w i l l  r e q u i r e  f u r t h e r  d e f i n i t i o n .  Due t o  the  a d d i t i o n a l  r e c y c l e  stream, h ighe r  
investment and opera t i ng  cos ts  w i l l  r e s u l t .  Here t h e  reduc t i on  i n  bottoms pro-  
duc t i on  i m p l i e s  on l y  one bottoms process ing technology would be necessary, b u t  
development o f  a l t e r n a t i v e  bottoms process ing technologies should be pursued t o  
ensure f l e x i b i l i t y  and r e l i a b i l i t y .  
a decoupling of process fue l  and hydrogen p roduc t i on  which should improve s t a r t u p ,  
o p e r a b i l i t y  and the  s e r v i c e  f a c t o r  o f  a c o m e r c i a l  f a c i l i t y .  

These l i q u i d s  a r e  cha rac te r i zed  as nomina l l y  
F igu re  11 shows two d i s t i n c t  se ts  of  

one f o r  coa l -on l y  a t  1500 pounds and one f o r  bottoms r e c y c l e  a t  2000 pounds. 

The 

Based on a smal l  amount o f  
The data shown 

I 

There i s  some 

This  would l e a d  t o  a d d i t i o n a l  l i q u i d  recovery f o r  bottoms f rom bottoms 

The 

The lower bottoms p roduc t i on  w i l l  a l s o  a l l o w  
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OPTIONS AVAILABLE WITH THE EOS PROCESS 

LIQUIDS 

fLD(IC0KIffi f RUlD COKING fLRL GAS 

COAL * PARTIAL OXIDATION "2 
F I I L  GAS 
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COAL CONVERSION SENSITIVE TO LIQUEFACTION CONDITIONS 
W I T H  BOTTOMS RECYCLE OPERATIONS 

WEST VIRGINIA BITUMINWS COAL (IRELAND MINE1 
1 I 1 I I I I 

75 LBIDAY PllDT UNIT DATA. 

1.61110.5 S I C I B  IDOMIN 
4 %  H2 ON COAL I x a  PSlG 

I 1.611 S I C  
im MIN I Y 4n ON COAL 
mu n i b  

2.41111 S I C I B  
' COAL ONLY ' OPERATIONS 
I 

I I 1 I I 
I I  I I 1 

0 im m 300 4Lm 
H W R S  ON B O l l O M S  RECYQE 

COAL RANK EFFECT O N  CONVERSION 

d 5 1M 

254 0 COAL ONLY OPERATION BOllOMS RECYCLE OPERATIONS 

275 



COAL RANK EFFECT ON LI(1UID YIELOS 

M 

5 5 1  

C M L  ONLY. LIQUEFACTION 
COAL ONLY, REXICOKING 
BOllOMS RECYCLE. LIQUEFACTION 

I 

EDS BOTTOMS RECYCLE IMPROVES LlOUlD YIELD 
AN0 PRODUCES A LIGHTER PROOUCT SLATE 

1 IlllNolS NO. 6 BITLMINOUS COAL 
IMONTEREY NO. 1 MINE1 

'5 LBlOAY PILOT UNIT 111 TONlDAY PILOT PLANT 
8Q)"F 
M M I N .  

- 
COAL Bonws COAL BOTTwu\S 
ONLY RECYCLE ONLY RECYCLE 
YXI psi ZLWpri Zmo psi ZLW psi 
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